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PREFACE

This document, No. FAA-RD-,'O-5•O is the final report of a study conducted

by the Gates Learjet PorpGc;tion to develop an improved and simplified

Procedure for predicti'y t4nd evaluating engine inlet anti-icing systems.

All work was performed in the Advanced Design, Aerodynamics, and Propuls-

ion Analysis departments, under the coordination of Mr. A. M. Heinrich,

Program Manager. The technical analysis was performed by Messrs. R. Ross,

N. Ganesan, D.W. Newtor and R. Sund'rst. Development of the anti-

icing analysis computer programs - .. s originally formulated by Mr. T. M.

Kutty prior to his deaqrture ýrom the company

Appreciation is 1,-atefully extended for the cooperation and assistance

provided by r.rsonnel of the NASA-Lewis Research Center in the conduct of

icing vi, OA tunnel tests.
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SYMBOLS AND ABBREVIATIONS

UNITS

A/AE Ratio of nacelle exit flow area with plug tounrestricted flow area

ALT Altitude ft

C Nacelle chord length ft

CD Drag coefficient

CDo Profile drag coefficient

CL Lift coefficient

C Specific heat at constant pressure Btu/(Ib-°R)
p

d Distance along surface. Measured from inside ft
nacelle inlet lip at aft limit of heated area.
(See Figure 2-1 or 3-2).

D Drag lb

DCD Induced drag coefficient

DD Median droplet diameter ft
DDM Median droplet diameter Im

DIA Nacelle highlight diameter ft

DMWIH Quantity of water impinging on the elemental area lb/(hr-ft)
under analysis per foot circumference of the
Nacelle lip.

DQ Heat trans ered through elemental area under analysis Btu/sec

DRB Elemental unback lb/(scc-ft 2 )

DRBH Water run' ck per foot circumference lb/hr-ft

DS Streamwise length of elemental area under analysis ft,

DTB Drop in bl ed air temperature OR

e Partial pr ssure of water. vapor for saturated air lb/ft 2

EFF Local chann 1 efficiency

EM Water colle tion efficiency "

EVAPH Water evapo ation rate per foot circumference lb/hr-ft
exp Base of Nap erian logrithmic system

FN Thrust/engi e lb
G Acceleratio due to gravity ft/sec2

H Dry convect ve heat transfer coefficient Btu(sec-ft 2 -OR)

HORIZ Horizontal xtent of icing'cloud Statute miles

Ix
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HPH Heat transfer coefficient Btu/(hr-ft2

IMPPH Water impingement rate per foot of circumference lb/hr-ft
J Mechanical equivalent of heat ft-lb/Btu

K Evaporation fraction

Coefficient of thermal conductivity Btu/(sec-ft -,OR)

K2 Inertia parameter

Ko 0Impingement parameter

K Water fractionw

L Latent heat of, vaporization Btu/Ib

LOLS Droplet range ratio

LWC Liquid water content grams/meter 3

M Water collection rate lb/(sec-ft 2)

MU Coefficient of viscosity 1 b/(ft-sec)

n Exponent on Prandtl number

NIP Engine speed RPM

P Pressure l.1b/ft 2

P C Local surface pressure coefficient

PERC Percent of water evaporated from section under analysis -

P Prandtl number
r

PSDAT Matrix of surface position-pressure coefficient
data (d, Pc) (See Section.A.2)

Q Quantity of heat Btu/sec

R Gas constant *(ft-lb)/(lb-3 R)

RB Runback rate lb/(hr-ft?
RBPH Water runback to next element per foot circumference lb/hr-ft

RBS Equivalent cross-sectional area of runback ice in 2/ft
at aft limit of heated area.

RHO Air density lb/ft 3

Re ReynoIds number

X



Reft Reynolds number per foot 1/ft

Re Reynolds number based on wdter droplet diameter

R e Reynolds number based on nacelle lip leading edge
eLE diameter ( 2 x RLE)

Re. Reynolds number based on local surface velocity and
distance from stagnation point to point of analysis

RLE Leading edge radius ft

S Distance along surface from stagnation point to the ft
point under consideration

S' Fraction of the distance from the stagnation point to
the limit of impingement

SH Heated surface ýer foot circumference ft 2 /ft,

SIN Distance along surface from stagnatiun point to in
point of analysis

SL Distance along surface from stagnation point to limit ft
of impingement

SW Aircraft wing reference area ft 2

t Temperature OF

t Nacelle thickness ft

tT Wind tunnel total temperature 0 1:

T Temperature OR
TAF Ambient temperature. OF

TBF Bleed air temperature OF

TBFIN Input bleed air temperature OF

TEST Test or run number

TOC Nacelle thickness to chord ratio'
TSOAT Matrix of surface position - surface temperature

data (d, TS) (See Section A.2)
TSF Surface temperature OF
1, Heat transfer temperature terms as defined in OR
'1,2 -- equations (2-33) through (2-37)

V Velocity ft/sec
VKTAS True airspeed knots

V1  True airspeed miles/hr

V2  (rue airspeed . knots
xi



W Aircraft weight lb

W Water flow rate lb/hr
w

WB Bleed air mass flow rate per foot circumference lb/sec-ft

"WBM, Bleed air mass flow rate 1b/min

WM Water catch per foot circumference lb/sec-ft

Z Ratio - 1000/T

SNacelle angle of attack deg

- Angle between lip radius line to the stagnation point deg
and the lip radius line. to the point of interest.

SUBSCRIPTS

A Ambient

B Bleed air

o Free stream

u Uppe-

I Lower

OUT Output

CONV Convection

EVAP Evaporation

"SENS Sensible

W Water'

S Surface

L Local

"IN Input'

TRAN Transition

LAM Laminar
TURB Turbulent

H20 Water

air Air

0 Reference value

AV Average

LE Leading edge

IMP Impingement

,x i •



1.0 INTRODUCTION

Gates Learjet introduced two new aircraft, Models 35 and 36, into their

product line during 1974. These aircraft are powered by Garrett-AiResearch

TFE 731-2 turbofan engines and use bleed-air for thermally anti-icing

engine nacelle inlet lips, wings, and horizontal tail. During development

of these aircraft it was founu that existing techniques for predicting anti-

icing system performance were either very complex or, when simplifying

assumptions were made, were highly questionable in atcuracy. In addition,

current procedures for anti-icing system certification include a significant

amount of flight testing in simulated and difficult to find natural icinu

conditions which is an expensive and time consuming process providing a

very limited sample of the actual icing environment. Also, the validity

of extrapolating data obtained from such flight tests t3 other FAR 25
Appendix C conditions has always remained questionable.

What has appeared to be needed is a simpler, less costly, and less time

consuming technique where flight test requirements can be reduced to a
minimum. To achieve this a procedure is needed which would utilize

analytical prediction methods to evaluate the full scope of the icing

environment and icing wind tunnel tests to confirm the method. The
procedure must be sufficiently accurate and comprehensive to be accep-

able to the FAA, but at the same time be simple and economical enough to be

widely acceptable within the industry.

Against this background but focusing on only one area of a transport type

airplane, a contract, No. DOT FA76WA-'3852, was granted by the FAA,

Washington, D.C., to develop a procedure for predicting and evaluating the
performance of engine inlet anti-icing systems for compliance .ath FAR 25

ice protection requirements. The desire was to minimize the need for

conducting flight tests in natural icing conditions. The procedure was to

include consideration of water droplet implngment and collection

efficiency, internal and external heat transferi and mass transfer of the

impinging water. A large. spectrum of environmental and operational

factors were to be analyzed in. developrhcnt of the procedure to identify

1-1



those environmertal/operational conditions which should be recomended for

evaluation by the p-ocedur-. Icing wind tunrel tests were required to
assist in the procedure development,-

The following report describes the method of approach taken, icing wind

tunnel tests conducted, and a correlation between predicted results, usinq
the methodology, and the tunnel te.t results. Conclusions and recommen-
dations are presented plus detaiis of the computer programs developed.

. i1-2



2.0 ANALYSIS METHODOLOGY

Prediction of anti-icing system performance is based on a combination of

aero-thermodynimic theory and empirical relationships. A summary of these

methods, tased on the works of many investigators, was prepared and pub-

lished by the Federal Aviation Administration in 19641 Solution of the

general problem of internal heat transfer and of heat and mass transfer

from a wetted surface in forced convection is quite involved and tedious.

The method of solution customarily involves several trial-and-error

calculations that are intermediate between the final answer and the basic

factors that define a particular anti-icing situation. In order to

lessen the burden of this effort a digital computer program was developed

to perform these calculations.

The solution desired in anti-icing calculations'is for the internal heat

transfer rate of thermal heat systems, the external heat transfer by

convection, evaporation of surface water,.and the sensible heat change of

the impinging water. After determining the heat transfer characteristics,

the anti-icing performance (i.e., the rate of water impinging on the

surface and the rate of evaporation) can ,be calculated, for any known set

of flight and atmospheric conditions. The difference between the rate of

water impinging on the surface and the rate it is evaporated is the run-
back rate. Knowing the run-back rate, the amount of run-back ice corres-

pounding to the time taken to travel through the horizontal extent of the

cloud is calculated.

The analysis is made using a point-by-point approach by dividing the

heated area into several small segments. This method represents a more

realistic evaluation because skin temperature and impingement rate

gradients are generally too steep for use of average values.

1. Bowden, D.T., et. al.: "Engineering Summary of Airframe Icing Technical
Data". Technical Report ADS-4, Federal Aviation Administration, March
1964.
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2.1 Aero-Thermodynamic Relationships

The theoretical and empirical relationships used in calculating anti-

icing performance of a system are arranged into several categories for

convenience. The grouping is in a sequential order of calculation;

i.e., the equations presented in a particular g.'oup use the known

parameters mentioned in that group plus thcse that are mentioned (known

or calculated) in preceding groups. Various parameters are identified

by symbols which are identical or similar to-the variables used in the

computer program. This helps to easily understand the logical development'

of the computer programs from a listing of their statements.

Basic-Relationships

Known parameters:

Altitude (ALT), ft'

Ambient Temperature (TA), 'R

True Airspeed (V ), ft/sec

Gas Constant, R = 53.35 (ft-lb)/(lb-0 R)

Based on the above, the following equations can be developed

Specific heat', Cp = .2365 +.7.6 x 10-6 TA Btu/(Ib-OR) (2-1)

Coefficient of viscosity2

7.475 x 10 7T 1.5
MU A lb/(ft-sec) (2-2)

TA + 216

Cocfficient of Therral Conductivity 3

K1 = (.06944 TA + 4.722) x 10"7 Btu/(ft-sec-OR)' (2-3l)

2. Eshbach, O.W. and Souders, M.: "Handbook of Engineering Fundamentals".

Third Edition, Wiley and Sons, New York, 1974., (P.843, Table 3).

2. ibid, (P.576, Figure 4)

3. Baumeister, T.: "Standard Handbook for Mechanical Engineers".
7th Edition, McGraw-Hill, New York, 1966, (P.4-93, Table 2).

2-2
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Prandtl number, Pr,= (C) (MU)/K 1  (2-4)

Ambient pressure

PA = 2116.21/ e[ALT/( 27 7 10 - .098774 ALT)] lb/ft2  (2-5)

Density, RHO = PA/(R TA) lb/ft3  (2-6)

Reynolds Number per foot, Re = (RHO) (V o)/(MU) 1/ft (2-7)
ft0

The equations for specific heat, coefficient of.viscosity and coefficient

of thermal conductivity were developed by a curve fit to the data presented

in the cited references.

The ICEOFF computer routine-was written to calculate some basic aircraft

performance parameters and, by calling an engine performance subroutine,

determined extracted bleed air data for the given conditions. Since

engine performance subroutines may not always be available and the desired

data is otherwise known, the engine subroutine may be bypassed and bleed

air data read in directly.

Thrust/Bleed-Air Calculations

Known parameters:

Airplane weight (W), lb

Airplane wing'reference area (Sw), ft 2
w

Profile drag coefficient (CDo)

Induced drag coefficient factor (DCD)

Nacelle highlight diameter (DIA), ft

Based on the above, the following equations can be written:

Lift coefficient, CL = W--2- S (2-8)

Drag coefficient, CD = CD + (DCD) CL2  (2-9)

RHO V2 S lbs. (2-10)DragO= CD 2G ow

Thrust per engine, FN ' D/2 lbs (for 2 engines) (2-11)

Knowing "N' ALT, Vo and TA., the bleed-air temperature (TB) and mass flow

rate (WB) can be determined from erigine performance data.

2-3



Impingement Calculations

The inertia parameter, K2 t the Droplet Reynolds Number, Re , and .the

water collection efficiency, EM, are required to completely determine

the rate of water catch and the region of impingement on a given airfoil

shape.

Known parameters:

Chord (nacelle length) (C), ft

Thickness (t), ft

Heated surface area per foot of circumference (SH) ft 2/ft.

Droplet diameter (DD)D, ft .

Liquid water content (LWC), g/m 3

Acceleration due to gravity, G = 32.174 ft/sec2

Surface Pressure coefficient (P')c
Figure 2-1 illustrates this ,geometry definition. Based on the above, the

following relationships can be written:

Droplet Reynolds number, ReD = (Reft)DD (2-12)

Droplet range ratio (LOLS): droplet range is the distance the

drop of water would travel before Impingement if projected into

still air with a given velocity

LOLS - Droplet range projected into still air

Droplet range projected into still air per Stoke's'Law

Physically this is en average value of drag force times Re for a drop

projected into still air.

LOLS .98 - .134 In (R e.Reg !200. (2-13)

LOLS .74 - .0887 in (R ) ReD >200 (2-14)

-These relations for LOLS were obtained by a curve fit of

information presented by Bowden2.

Inertia Parameter, K2 - .108 G- O _2 (2-15)

1. op. cit.

2-4
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H Aft Limit of Heated Area

DIA c

ti

FIGURE 2r1 Nacelle'Configuration Definition



K2 is obtained by a curve fit of information presented by
.- 1

Bowden

Impingement parameter, Ko = K2 (LOLS) (2-16)

K is a parameter introduiced by Langmuir and Blodgett4 so that the0

collection efficiency, EM, versus the inertia parameter curves for various

droplet Reynold's numbers may be collapsed into a single curve for bodies

of the same geometrical shape. Collection efficiency is given by:

EM = 0 Ko < .004 (2-17)

EM= .0873 [5.522 + ln K0] 3 .004,Ko < .01 (2-i8)

EM= .08 + .31[2 + .4342 ln Ko] .01 Ko < .4 (2-19)

EM is the ratio of'the amount of water intercepted by the airfoil to the

amount of water contained in the volume of cloud swept out by the airfoil.

The expressions shown for EM are obtained by a curve fit of information

presented by Bowden'.

Water catch,

WM = .623 Vo (LWC) C EM 10"4 lb/sec-ft (2-20)C. M
Water collection rate (average),

MW = WM/SH lb/(sec-ft 2)' (2-21)
AV

Water. collection rate at leading edge,

* -2 MWAV lb/(sec-ft 2) (2-22)

"MLE z V

1. op. cit.

4. Lagmuir, I. and Blodgett, K.: "A Mathematical Investigation of Water
Droplet Trajectories". AAFTR 5418,,Feb. 1S,,1946

1. op. cit. (Figure 2-9)
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Water collection rate at any point due to impingement,

MWIM= WLE -. 385(3S')1.75 0 < S'Y1/3 lb/(sec-ft2)(2-23)
IP LE

MWIMP = 1.177 MW LE (I-S')I",6 1/3 < S'<1 lb/(sec-ft 2 ) (2-24)

Where S = distance (ft) along surface from stagnation point to the point

under consideration, S' = S/SL and SL = SH/ 2 (SL = Distance along surface

from stagnation point to limit of impingement, ft). These expressions for

MWIMP were obtained by a curve fit of data presented by Neel 5 .

Heat Transfer Calculations
Heat transfer calculations are based on the fact that at any point on

the surface, the skin temperature attains a steady value which allows

equilibrium between internal and external heat flows'. The formulation of

the problem is based essentially on the development presented by Gray'-

and Gelder 7 . The equations are quite lengthy and a nunber of simplifying
assumptions and considerable manipulation reduce them to a manageable
level as described in the following material.

Heat transfer in forced convection from a surface subjected to water*

impingement is represented by the total heat transferred by convection,

evaporation, and the sensible heat change of the impinging water. An
accounting is made for heat generated by friction and the kinetic-energy

of the water droplets. The ,expression for heat Qutput can be written
in several ways depending on how the various teruis are grouped. Following

the development of Gel.der :

5. Neel. C.G.: "A Procedure for the Design of Air-Heated Ice Prevention".

NACA TN 3130, 1954. (Figure 16a)

6. Gray, V.H.: "Simple Graphical Solution on Heat-Transfer and Evaporation
from Surface Heated to prevent'Icing". NACA TN 2799, 1952.

7. Gelder, F.P., et. al.: "Icing Protection for-aTurbojet Transport
Airplane:. Heating Requirements, Methods of Protection, and Performance
Penalties". NACA TN 2866, 1953..

2-7
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QOUT = QCONV +QEVAP + QSENS (2-25)

Where:

(. V

QCONV = H SH T P [1'p) , (!Pp)r

+ .622 Cp D_.,jL Btu/sec-ft (2-26)

QEVAP = 0.622 H - PK , Btu/sec-ft (2-27)

QSENS SH Mw CPw TS- TA- 2G Btu/sec-ft (2-26)

Substituting equations (2-26), (2-27) and (2-28) into (2-25) and rearranging

gives:

QOUT *t H (1-) (+%c

+0.622 L K e ]Btu/sec -ft (2-29)

2-8



In order to eliminate the lengthy calculation involved in the solution of

the equation (2-29), the following set of assumptions were made:

a. The flow over the body being almost adiabatic, the local

stream vapor pressure can be represented by6 :

eL = eA PL'/PA lb/ft 2  (2-30)

b. The local velocity and pressure may be related by the incom-

pressible dry air relation':

V = [V2 2-GA (P - PA)5 ft/sec (2-31)

c. The exponent on the Prandt number is chosen as .5 corres-

ponding to the conservative case of laminar flow rather than

1/3 corresponding to the case of turbulent flow.
d. Radiation is small and is neglected.

e. Conduction along the skin 'is neglected because the thickness

is small and the conduction is small compared to.convection.
f. The specific heat of water at constant pressure, Cp is

1 Btu/(lb -1R) w
With the use of the above assumptions, the equations can be combined and

reduced to the final formi:

QOUT H SH { (Ts - TA) '(1 + Mw/H)

- ~02 (pr.5 + M W Cp/ -H)/2GJC~p

+O0.622~ k ~

+ R TA (1 P`~(-LPA/C Btu/sec-ft (2-32)

6. op. cit,

7.op. cit.
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From (2-3?) the following temperature terms can be obtained':

T1= (T5 - T A) (1 + Mw/H) OR(2-23)

T= V 2 (P.5 + M Cp/H)/2GJ C O (2-34)

= 3 0.622 L(e S/P L)/C P OR(2-35)

T4= 0.622 L(eA/P A)/CP OR (2-36)

T RTA (1-P- 5)(1-L/A)JP OR (2-37)

Equation (2-32) can then be written as:

QOUT =H S H [Ti - + K,.w (T 3-T 4  + T5I Btu/sec-ft' (2-38)

The analytical procedure developed by Gray' defines the terms T3and T 4
as follows:

T= 2760 e S/P L OR(2-39)

T4a2i'60 e A/P A OR(2-40)

Where L and C were assumed to be 1066 Btu/lb and 0.24 Btu/(lb- 0 R)
p

respectively and esl eA are partial pressures of water vapor (corresponding

to saturated air unless otherwise noted), at surface and ambient conditions,

respectively. Curves of these~ values, good for a, wide range of tem~perature,

were presented by Gray'. However for computer use, a cur've fit to *a

psychrometric chart vapor pressur~e line presented in Eshbach2 is used for

e San A.d (A +B . 2  +DZ 3 + EZ 4  lb/ft 2  (2-41) ~

'Where:
exp Is the base of the Napierian logarithm system

Z 1000-- where T is 'static temiperature, OR

andi

-6. op. cit.

2. op. cit.
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If: T ! 491.688 If; 491.688<T!671.688 If: T>671.688
Ice Water Vapor

A = +19.598997 A = +13.435296 A = +16.825544
B = -10.431025 B = -5.0988424 B = -14.213106
C = -0.27550673 C = -1.6896174 C = +7.5567694
D = +0.039034393 D = +0.17829154 D = -4.0151569
E = 0 E = 0 E = +0.71697364

Additional parameters that are required for completing the calculations

are latent heat of vaporization, L, evaporation fraction, K, elemental

runback rate, DRB, water collection rate, M a nd the change in bleed air

temperature along the heated surface.

The latent heat of vaporization for water is represented by:

L = 1348.21 -0.5620 T 460CR 5 T ! 5600R Btu/lb (2-42)
S s

This relation was developed by a curve fit to.information prepared by

the SAE8 .

The evaporation fraction is defined as:

K = (T3 - T4 ) H/L Mw (2-43)

The value, of K depends on equilibrium conditions and i$ solved by iteration

during the calculation.

The elemental runback rate is:

DRB = (1-K) Mw lb/(sec-ft ) (2-44)

For the succeeding element the'water collection rate is:

M -M (at that point) + DRB lb/(sec-ft ) (2-45)Mwim

The drop in bleed air temperature is:

OTB Qot/(B CPB)OR (2-46)

This leads to the necessity of calculating the heat transfer coefficients.

8. "SAE Aerospace Applied Thermodynamics Manual". Second Edition, Society
of Automotive Engineers, Inc., New York, Oct. 1969. (P. 165, Fig. 2C-1).
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Internal Heit Transfer

Known parameters:

Bleed-air flow rate (WB), lb/sec-ft

Bleed-air temperature (TB), OR

Skin temperature (Ts), °R

Local channel efficiency (EFF)

Based on the above the followirg _quations can be written:

Specific heat of bleed-ai- 2 ,

= .2365 + 7.6 x 10"6 TB Btu/(Ib-IR) (2-47)
B B

Heat input, QIN WB(CpB) (TB'Ts) Btu/sec-ft (2-48)

External Heat Transfer

Known parameters:

Leading-edge radius (RLE), ft

Local pressure coefficient (P C)

Mechanical equivalent of heat, J = 778 ft-lb/Btu

Tne following relationships can now be developed:

Reynolds number in the leading-edge region,

ReLE a ReftRLE (2-49)

Local velocity, VL = Vo (1-PC)'5 (2-50)

Reynolds number at any point,.Re' Reft S VL/V0 (2-51)

The dry alr convective heat transfer-coefficient is determined by the

method of Gelder?. In the region of the stagnation point, anempirical

equation for a cyl 4nder is used:

H j0.57KP?.4  Re' 5/RLjj1- (0/90) 3  Btu/(sec-ft 2 _OR) (2-52)

2. op. cit.

7. op. cit.
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where 0 is the angle in degrees from the stagnation point to the point of

interest. This equation is used up to 0 = 25 degrees. Beyond a 25

degrees, a flat plate laminar flow equation is used:

H = 0.332 K P1/3 /3 P1  Re5/S Btu/(sec-ft2-R) (2-53)
1 r r

where S is the distance along the surface from the stagnation point to the

point of interest. This equation is used upto a Reynolds number of

2 x 105. From Res = 2 x 105 up to the pointwhere Res = 1.2 x 106 is

treated as a transition region and for Res greater than 1.2 x 106 is

considered fully turbulent flow. For a flat plate in turbulent flow:

H 0.0296 K1 P r1 3 Reý8 /S Btu/(sec-ft2-R) (2-54)

For the transition region a inear variation of the heat transfer

coefficient with Reynolds number between laminar flow and turbulent flow

is used. If the computed Reynolds number indicates a transitit.. flow

region, the following procedure is used.

1. Determine the position on the surface, STRAN, where

Res = 2 x 105 and a compute a laminar flow heat traisfer

coefficient for conditions at that point using equation

(2-53), HLAM

2. Determine the position on the surface, STURB where

Res 1.2 x 106 and compute a turbulent flow heat transfer

coefficient for conditions at-that poit.t.using equation (2-54),

HTURB

3. Calculate the heat transfer~coefficient for the point of

interest from:

H H H TURB - HLAM (R 2 x 105- Btu/(sec-ft 2 -oR) (2-55)
HLAM + 1 x 1.0 6 e 3
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The local static pressure is determined from the incompressiblP relaticn.

P = PA + RHO Vl2 P b/ft2  (2-56)

Channel Efficiency

Dry air test data is used in determining an effective anti-icing

efficiency. This is a measure of the effectiveness of the hot bleed air

in heating the external surface. For dry air, M and K are zero and

(2-38) reduces to:

H SH (TI - T2 + T5 ) Btu/sec-ft (2-57)

and

TI- TS - TA OR (2-58)

T2 o 5r5/2GJ Cp OR (2-59)

JT5 is the same as given in (2-37).

The heat supplied, QIN' can be computed from (2-48) andthe channel

efficiency is then given by:

Eff =Qout/Qin (2-60)
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2.2 COMPUTER PROGRAMS

The Channel Efficiency Computer program, CHANEFF, is described in Appendix

A. A flow chart, a program listing, an example of the input format and

an example of the output are presented. In a similar fashion the icing

analysis computer program, ICEOFF, is described in Appendix B.

Included in Appendix A is a listing of a function subprogram, TRP, that

is called by both CHANEFF and ICEOFF to interpolate the input data arrays

for values of pressure coefficient, surface temperature and channel

efficiency intermediate to those supplied. Included in Appendix B, is a

listing of a function subprogram, PP, that is used to compute the partial

pressure of water vapor at saturation temperature.

'2-15

II II II I~'- -- - -- -. - ~ -



3.0 ICING WIND TUNNEL TESTS

Icing wind tunnel tests were conducted to provide experimental data that

would assist in the development of evaluation procedures for engine inlet

anti-icing systems. The scope of testing was selected to cover a wide

spectrum of environmental conditions that were practicable in the wind

tunnel-described in the following section.

3.1 Wind Tunnel Facility

Through sponsorship by the Federal Aviation Administration, approval was

obtained for use of the NASA Lewis Research Center Icing Research Tunnel

(IRT) located at Cleveland, Ohio., This facility is a closed return tunnel

having a 6 x 9 foot (1.83 M x 2.74 M) test section. Performance capabili-

ties are outlined in the following table:

Airspeed: 260 KTAS (483 KM/Hr) maximum without model installed

Air Temperature: -22 0F(-300 C) to 32°F (0OC)

Liquid Water Content: Approximately 0.5 to 2.0 g/m3

Median Droplet Size: 11 to 20 Um

Airspeed capability with the TFE731 nacelle installed was approximately

240 KTAS.

Air temperature in the, tunnel was measured'by three (3) total temperature

thermocouples calibrated by NASA-Lewis personnel and located at the upstream

corner from the test section. These were located on cross-bars attached to

the turning vanes and sensed air temperature at the top, center, and bottom
in the tunnel cross-section. Tunnel temperatures ,were monitored by both

the tunnel and the refrigeration plant operators and adjusted to match as

closely as possible.

Test section static (ambient) temperature was obtained by subtracting

from the measured total temperature the stagnation temperature increment

as follows:
V2

tA t" 2G Cp J (3-)

p
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Where: V = true airspeed, ft/sec

G = acceleration of gravity, 32.174 ft/sec2

Cp = mean specific heat of air, 0.24 Btu/(lb - 0R)

J ,=,meachanical equivalent of heat in engineering units,

778.2 ft-lbs/Btu

Liquid water content (LWC) capabilities of the tunnel are limited to

some extent by an interdependence on airspeed and mediandroplet size

because higher LWC is achievable only at the lower airspeeds'. Median

droplet size, in an approximately Langmuir "'" size distribu;ion, is

somewhat dependent on LWC and airspeed in thatlarger median droplet

sizes cannot be obtained at a combination of-high LWC *and high airspeed.

A desired combination of LWC and median droplet size is obtained by

setting tunnel controls for the spray system air and water pressures.

To determine these pressures the following method was provided by

NASA:

Given: LWC, DDM, V (e.g., V1 or V2 ).

Obtain:

Ww = 11.667 LWC(V 1 ) (3-2)

1 w\ 2

PH2 0P air 38.-7 !77 (33)

1.13[43.9-(4V2 ) 5  8.7(P Tair

Pai.r 2 -11.3 (3-4)
-DM 0.006(V2 ),- 4

PH20 ( 1420 Pair + Pair (3-5)
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Where: LWC = liquid water content, g/m 3

DDM = median droplet size, um
V1 = mph true airspeed

"V2  = knots true airspeed

WW = water flow rate, lb/hr
S•P0 = water pressure, lb/in 2 gage
P a = air pressure, lb/in2 gage
H2r

Tai =180 + 460 = 640CR

The tunnel spray system water and air pressures were calibrated by

NASA-Lewis personnel.
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3.2 Model and Instrumentation
The wind tunnel model employed for icing tests was adapted from a full-scale

nacelle for the Garret-AiResearch Corporation TFE731-2 turbofan engine.
Modification to the nacelle included incorporation of a roll-formed and
welded steel duct with flanges for mounting of fore and aft nacelle

bodies and the wrap cowls. A strut assembly was fabricated from square
steel tubes which was then welded to the duct and to mounting plates for
installation on the wind tunnel turntable. The nacelle was mounted on its

side in the tunnel, as shown in Figure 3-i, to facilitate angle-of-attack
changes by'rotation of the turntable.

Figure 3-1, Test Nacelle Installation
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An aluminum plug was attached to the nacelle exit for certain tests to
provide a variation of air mass flow through the nacelle and consequently
a shift of the stagnation point on the inlet lip. The plug was adjustable
in fore and aft position through use of threaded attachment rods. The
forward cone of the plug was electrically heated to prevent icing.

Instrumentation was provided on the nacelle inlet lip to measure outside
surface temperatures and static pressures'along three chordwise positions*
located at radials of 6, 9, and 12 o'clock. Figure 3-2 illustrates
typical instrument positions on the lip; These positions are relative to
nacelle orientation as installed on the aircraft. In the wind tunnel,
with the nacelle mounted on its side, the 12 o'clock position faced towards
the control room and the 9 o'clock position was on the top. At each
radial position thermocouples and pressure ;.aps were separated circum-
ferentially by approximately two (2) inches. Pressure tubing and thermo-
couple wires were routed inside the lip chamber in order to present a

smooth exterior lip surface.

Hot air mass flow provided to the inlet lip heat distribution system was
supplied by a gas-heated tunnel supply system. Air mass flow was measured
with a calibrated orifice located outside and beneath the tunnel test
section. From there the hot-air was ducted up through the test section
turntable, into the forebody of the nacelle, and then into the inlet lip
anti-icing system. Temperature and pressure of the.hot air entering 'the

anti-icing system were measured with total temperature and pressure probes.

Air temperature was controlled by a NASA provided Brown Recorder/
Controller which regulated a natural gas fired air heater. Air pressure
was controlled by a NASA provided pneumatic servo valve which adjusted
a remote pressure regulator.

* The turbofan engine used with this nacelle produced neglible inlet
swirl.
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All pressures and temperatures on the model, tunnel airspeed, and the

heated air flow provided to the model were measured and recorded with the

following contractor supplied equipment:

a. Pressures were measured using a scanning valve-and pressure

transducers.

b. Temperatures were measured using iron-constantan thermo-

couples, a 1501F temperature controlled reference, and

amplifier.

c. Electrical outputs from pressure transducers and thermo-

couples were measured by a Hewlett Packard 3455A digital
micro-voltneter with an accuracy of ±(0.007% of reading +4

digits) in the 0.1 volt range.

d. Test data from the voltmeter were further processed with a

Hewlett-Packard 9825A desk-top digital computer to apply

instrument calibrations, convert voltmeter outputs to

engineering units, calculate tunnel airspeed and hot air

mass flow, annotate output, record data on magnetic

cassette tape, and print outputs on paper tape.

Calibration of contractor supplied equipment was accomplished prior to

the icing tunnel tests. This equipment included all instrumentation
employed to measure model temperatures, pressures, tunnel air speed,

pressure altitude, and hot air bleed mass flow rate. Tunnel air speed was

obtained with an existing pitot-static-probe installed in the test section.

Total a-d' static pressures were picked off the tunnel plumbing system for

measurement by contractor instrumentation.

3.3 Scope of Tests
The scope of tests conducted, listed in Table 3-1, were performed over a

period of six weeks. The conditions shown in Table 3-1 were set as test

objectives and were not always what was achieved during this test. Actual

test conditions are presented in Appendix C. Installation and check-out

of the test model and instrumentation required four days.
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TABLE 3-1. ICING WIND TUNNEL TEST SCHEDULE

Dry Air Runs - Configuration A*

NOTE: Conditions shown are test objectives. Corrected test conditions
are shown in Appendix C.

tr, W D LWC t V Spray
Run - DM T Time

1A 3SO 12 .. .. 30 225 --

2A 350 15 .. .. 30 225

3A 400 12 .. .. 30 225

4A 40V 15 .. .. . 30 225

SA 450 12 . .. .. 30 225

6A 450 15 .. .. 30 225

7A 350 12 .. .. 14 225 ~~

8A 350 15 .. .. 14 225 --

9A 400 12 - -- 14 225 --

10A 400 15 .. .. 14 225 --

11A 450 12 .. .. 14' 225 --

1ZA' 450 15 -- -- 14 225 -

13A 350 12 .. .. -4 150 --

14A 350 15 .. ... 4 150 --

ISA 400 12 "- -- -4 150 --

16A 400 15 . .. ...- 4 150 --

17A 450 12 .. .. -4 150

18A 450 15 .- 4 150 --

19A 350 12 .- 15 200 --

20A 350 15 .. .. ,-15 200

•Single skin inlet lip configuration.
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Dry Air Runs - Configuration A (Cont):

t w LWCt VSpray
Run tB B DM LWC tT TimeNO__. (OF) (Ib/min) jim (gm (OF) (KAS (min.)

21A 400 12 -15 200

22A 400 15 -- -15 200

23A 450 12 -- -15 200

24A 450 15 -15 200

25A-28A (Not used)

29A** 400 12 .. .. 14 225 --

30A** 400 12 .. ... 14, 225 --

31At 350 12 .. .. 14 225 -- a -2

32At 350 12 .. .. 14 225 -- = -4

** Variable stagnation point using nacelle exit plug.

t. Variable nacelle angle of attack conditions.
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Wet Air Runs - Colfi uration A
NOTE: Conditions Shown are test objectives.Cretdts 

~ ljj~are shown in Appendix c. Corrected test conditions

Run tB WB D LWC t V

No. OF) DM T VSpray__Ijm 19/m3 fFTime
60A 350 12 15 0.78 30 225 4.63
61A 350 15 15 0.78 30 225 4.63
62A 400 12 15 0.78 30 225 4.63
63A 400 15 15 0.78 30 225 4.63
64A 450 12 15 0.78 30 225 4.63
65A 450 15 15 0.78 30 225 4.63
66A 350 12 15 0.6 14 225 4.63
674 350 15 15 0.6 14 225 4.63
68A 400 12 15 0.6 14 225 4.6369A 400 

15 0.6 14 225 4.6370A 450 12 15 0.6 14 225 4.6371A 450 15 15 0.6 14 225 4.63
12 20 1.72 4 150 2.073A 350 15 20 1.72 -4 150 2.0

74A 400 12 20 1.72 -4 150 2.0
7 5A 4 0 1 20 1. 72 150 2 .0

,7 6 4 5 0 1 7 20 1 .7 2 -4 1 5 0 2 .0
77A 450 15 20 1.72 4 150 2.0
78A 350 12 20 1.28 -15 150 2.0
79A 350 12 20 1.28. -15 200 2.0
8OA 400 is 20 1.28 .15 200 2.0

814 400 15 20 1.28 -15 200 2.0
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Wet Air Runs - Configuration A (Cont):

Run tB WB DDM LWC tT V Spray

Run3 TimeNo. (2F) AIb/min) 4m 1(.F) (KIAS) (min.)

82A 450 12 20 1.28 -15 200 2.0

83A 450 15. 20 1.28 -15 200 2.0

84A-94A (not used)

95A* 400 12 15 0.6 14 225 4.63

96A* 400 12 15 0.6 14 225 4.63

97A** 350 12 15 0.6 14 225 4.63 a =-2
a

98A** 350 12 15 0.6 14 225 4.63 -a 4-

* Variable stagnation point.

** Variable nacelle angle of attack. Note: These two conditions
were not run due to lack of time in tunnel schedule.

Min



Dry Air Runs - Configuration B*

NOTE: Conditions'shown are test objectives. Corrected test conditions
are shown in Appendix C.

Run tB WB D DM LWC tT V
No. (OF) (lb/min) Vm (g/m3) ({F) (KIAS)

358 350 12 .... 30 225

36B 350 15 .... 30 225

378 400 12 .... ,30 225

38B 400 15 30 Z

398 450 12 .... 30 225

40B 450 15 .... 30 225

418 350 12 .... 14 225

42B 350 15 -- -- 14 225

43B 400 -- .. 14 225

448 400 15 .... 14 225

458 450 12 .... 14 225

46B 450 15 .... 14 225

473-528 (not used),

538 350 '12 .... -15 200

548 350 15. -...- 15 200

55B 400 '12 .- 15. 200

56B 400 is .- 15 20D

578 450 12 -- -" -15 200,

58B 450 15 -- -- -15 200

* Double skin inlet lip configuration. . 0
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Wet Air Runs- Configuration B

NOTE: Conditions shown are test objectives. Corrected test conditions
are shown in Appendix C.

R t W D LWC V SprayRa B "M3 t Time
No. (OF) (lb/min). im (g/m 3  (F) (KIAS) (min.)

100B 350 12 15 0.78 30 225 4.63

I01B 350 15 ,15 0.78 30 225 4.63

102B 400 12 15 0.78 30 225 4.63

103B 400 15 15 0.78 30 225 4.63

104B 450 12 15 0.78 30 225 4.63

105B 450 15 15 0.78 30 225 4.63

106B 350 12 15 0.6 14 225 4.63

1078 350 15 15 0.6 14 225 4.63

1088 400 12 15 0.6 14 225 4.63'

1098 400 15 15 0.6 14 225 4.63

1108 450 12 15 0.6 14 225 4.63

1118 450 15 15 0.6 14 225 4.63

1i2B 350 12 20 1.28 -15 200 2.0

1138 350 15 20 1.28 -15 200 2.0

114B 400 12 20 1.;8 -15 200 2.0

1158 400 15 20 1.28 -15 200 2.0

1165 450 12 20 1.28 -15 200 2.0

1178 450 15 20 1.28 -15' 200 2.0
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3.4 Icing Wind Tunnel Test Procedures

Dry air testing was conducted prior to'icing tests to determine the inlet

lip skin temperature and surface static pressure profiles. Various combi-

nations of tunnel airspeed, tunnel temperature, hot air bleed mass-flow rate

and temperature, and nacelle angle-of-attack, as indicated in'Table 3-1,

were run with dry air conditions. Following the dry runs, wet-air tests

were conducted for the same conditions except that cloud characteristics

were simulated using the tunnel water spray system.

The procedure employed during dry. air runs is described as follows:

a. Start tunnel and set at idle speed.

b. Start tunnel cool-down.

c. When tunnel has reached the approximate temperature desired,

increase airspeed to test condition and re-adjust tunnel temp-

ature.

d. While (c) is in progress, fire air-bleed gas-heater.

e. Adjust air heater temperature and bleed-air pressure to obtain

desired mass flow rate and temperature at entrance to nacelle

inlet lip anti-icing system.

f. When all cLnditions are, stabilized, conduct instrumentation data

scans, convert to engineering units, and record data.

g. Hold tunnel conditions constant and adjust bleed air temperature

or mass flow rate to next test point and again stabilize and

record data.

h. When all test conditions at a given tunnel airspeed or temperature

are complete, adjust to next test point and repeat procedure above.

Following completion of dry runs for a particular test model configuration

the procedure is repeated for wet runs, except that the. tunnel waterlair

spray 'system is used to simulate icing cloud conditions. Dry air test

procedures are repeated through item (g) with the following additional steps

used'during icing test runs:
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h. When all conditions are stabilized, including pre-adjustment of

spray system water and air pressure, switch spray systemon,

adjust water flow rate rotameters for uniform spray across tunnel
cross section, record data after a predetermined interval, and at

completion of spray time switch spray system and hot'air bleed

flow off.
i. As soon as spray system and bleed air are off, conduct a rapid

shut-down of the tunnel fan motor. This procedure freezes the
"iced" condition of the model because tunnel temperature has a
tendancy to cool-down further by 10-150F and to hold this

condition due to the cold-soaked state of the all metal tunnel.
j. Conduct an inspection of the ice formation on the model, take

measurements and samples if desired, and remove ice from the model

using a steam hose.

k. Following the above, subsequent runs are conducted repeating the
procedure outlined.

Spray duration during a test run was selected corresponding to the apProxi-
mate time it would take to fly through the cloud size being simulated at

the tunnel airspeed. During simulation of maximum continuous cloud

characteristics, corresponding to low levels'of LWC, tunnel airspeed was
run at 225 KIAS (approximately 230-235 KTAS, depending on tunnel
temperature).

For intermittent maximum cloud simulation conditions, however, airspeed was
limited to either 200 KIAS (approximately 196 KTAS) or 150 KIAS (approxi-
mately 142 KTAS) because the tunnel spray system i's limited in maximum
water flow rate. Run time- based on the time'of transit through intermittent
cloud size at these'speeds, however, is Insufficient to allow data acquisition
so run time was increased to two (2) minutes as was seen in Table 3-1.

3-15



Although time in a cloud may have no significance in developing an

analytical method there is other rationale for limiting the exposure time.
For the nacelle and anti-icing system employed there are design limits to

which icing can be prevented at any bleed air temperature and/or mass
flow rate when testing in conditions of either maximum continuous or maximum
intermittent icing. It was to avoid exceeding these limits that the
approach was taken to use FAA defined cloud sizes and tunnel velocity to
determine exposure time. In addition, longer exposure time to the icing
cloud results in an undesirable amount of ice forming on the unheated
nacelle support structure, especially under glaze icing conditions.
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4.0 CORRELATION OF RESULTS

Dry air wind tunnel test data were used with the computer program CHANEFF

to determine effective channel efficiencies for each set of data corres-

ponding to a different nacelle lip pressure coefficient distribution and

internal heat distribution system. These are related to changes in nacelle

angle of attack, nacelle air flow, circumferential position around the

lip and doubln versus single skin internal distribution systems. Although

it would appear that a change of internal bleed air flow or bleed air

temperature would result in different channel efficiencies, this is not

the case. For a given type of internal distribution system, the surface

temperature, which is used in determining the channel efficiency, is

directly related to the quantity of heat provided whether by virtue of

higher bleed mass flow or bleed air temperature. Thus the calculated

efficiency, for the range of bleed flows and temperatures tested, is

independent of these two parameters. Hence in order to use a larger data

base for improved accuracy of the channel efficiency, the individual test

efficiencies for a given physical arrangement are averaged. There will

be efficiencies related to the 6, 9 and 12 o'clock measurement positions

for each variation in nacelle angle of attack, mass flow and internal

distribution system. In total 18 different efficiency distributions were

computed, corresponding to three angles of attack, two mass flows and two
distribution systems for each of three clockwise measuring stations. Table

4-1 presents a matrix of which dry test runs were used to calculate the

efficiency and to which wet test runs they apply.

Table 4-1 Efficiency - Run'matrix

Runs used Runs EFF applies for Ts Calculations

for EFF Dry Wet

1OA-24A 1A-24A 60A-83A

29A 29A 95A

30A 30A 96A

31A 31A

32A 3?A -

35B-45B 35B-46B 100B-117B
538-58B 538-58B
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A typical averaged surface pressure coefficient is presented in Figure 4-1.

It is noted that the peak pressure coefficient from this test data is

greater than 1.0. Since this is physically impossible the Pc curve was-

faired to 1.0 at the stagnation point as shown. This appeared to be a

common occurance with the measured pressure Oata. This fir-st came to

attention during the running of the test and an effort was made to

determine the cause of it. No reason for its occurance would be determined.

Corresponding measured surface temperature distributions are shown in
Figure 4-2 and the resulting averaged channel efficiencies from program

CHANEFF are presented in Figure 4-3. Utilizing the pressure data from

Figure 4-1 and efficiencies from Figure 4-3 surface temperatures were

computed with program ICEOFF. A comparison of calculated and measured

surface temperature for these dry air conditions is presented in Figure

4-4. It is seen that the agreement is excellant.

A comparison of surface pressure coefficient at the three nacelle inlet

lip measuring stations is shown in Figure 4-5 for both wet and dry air. As

would be expected the presence of water has little if any effect on the

pressure coefficient. The corresponding channel efficiencies for dry air

for the three inlet lip measuring stations is given in Figure 4-6 aid the

comparison of calculated and measured surface temperature for the three

inlet lip measuring stations for both single and double skin bleed air distri-

bution systems is presented in Figure 4-7. It is noted in Figure :.-6

that at the 6 o'clock position, the calculated channel efficiency ,.ceeds,

1.0. Although it is physically impossible to exceed 100% effici-ency, the

mechanics of the calculation process allow this to happen on rare occasions.
Detailed checks revealed no mathem~tical or computational error and the use

of this efficiency in program ICEOFF gave an exart reproduction of the

measured surface temperature. It is concluded that there must be some of

the basic assumptions underlying the method of channel efficiency that

allows this to happen. Examination of the equation used to compute EFF

reveals how this can occur. From equation (2-48), (2-57). (2-58) and

(2-60):
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HSH (Ts TA T2 + T5 ) (4-)
CEFF C, WB (TB Ts)4
B

It can be shown that, compared to TS and TA T 2 and T5 are relatively

unimportant for the test conditions of this report. Hence it is easily

seen that for conditions such that TB and Ts are quite close in magnitude

and TS and TA are quite different in magnitude, the result for EFF could

exceed 1.0. This is undoubtedly due to some of the simplifications that

resulted from early assumptions concerning the flow and heat transfer

characteristics. Understanding how it can occur makes it no more desirable

but in the final analysis it will reproduce accurate surface temperatures

and thus will be tolerated. Examination of Figures 4-4 and 4-7, reveals

that the agreement for dry air is excellent but for wet air it is less

good. It appears that the method tends to over predict the temperature

near the stagnation point and to under predict it near the aft limit of

the heated area. Although the amount of difference between calculated

and measured T$ varies with various conditions the trend noted above is

fairly consistant. This could be caused by a somewhat Inaccurate modeling

of either the evaporation process or the heat transfer process that.

resulted from simplifying assumptions.

The balance of the figures in this section present the effects of

independent parameterson the pressure coefficient, the resulting effic-

iency and a comparison of calculated and measured surface temperature.

Figures 4-8, 4-9 and 4-10 present this infcrmation as influenced by

nacelle angle ofattack. Only dry air temperatures are presented because

time did not allow the testing of the wet air counterparts.

Figures 4-11, 4-12 and4-13 present pressure coefficient, efficiency and

temperature comparison for changes In inlet mass flow. Here again one of

the efficiency curves (Run 29A) exhibits a value greater than 1.0. In

this case 2.44. Although appearing to be unreasonable at first, the same

arguments as set forth before apply and again the calculated dry air

surface temperature agrees well with measured values.
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Figures 4-14 and 4-15 present channel efficiency and comparison of temD-

eratures for single and double skin anti-icing systems.

The last four figures (4-16, 4-17, 4-18 and 4-19) show only comparative

temperatures because they were aerodynamically and geometrically similar

to other configurations and used pressure coefficients and efficiencies

defined for them. These similarities are distinguished in Table 4-1.

The effects of bleed air temperature are illustrated in Figure 4-16. Here

the comparison include: wet and dry air as well as single and double skin

systems.

Temperature comparison for changes in bleed air mass flow are shown in

Figure 4-17. Included are data for wet and dry air as well as single and

double skin systems.

Figure 4-18 gives comparative temperature for a variety of liquid water

contents. It should be noted here that it was not possible to hold all

other test.parameters constant during the test while varying liquid water

content alone. Hence a direct comparison for the effects of liquid water

content alone cannot be made. Again both single and double skin systems

are shown.

The comparison of temperature while changing water droplet diameter is

given in Figure 4-19 for both single and double skin systems. As for

liquid water content, it was not possible to change droplet diameter alo e

while holding all other test parameters constant. Thus a direct compari on

to determine effects of droplet diameter alone is not possible.

For all.of these comparisons, the results are nearly the same: very goo

agreement for dry air and moderately good agreement for wet air. It is

noted that even minute as well as large fluctuations in surface temperat re

are reproduced for dry air calculations. Although not as accurate as fo

dry air, the wet air temperature distributions generally give the correc
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trend and do display the gross variations that exist in the measured data.

This leads to the belief that the method is very useful and needs only

some refinements as applied to wet air calculations.

A correlation of all calculated and measured data was performed. For the
966 calculated dry air temperatures the mean'deviation from measured
temperature is 60F and for the 924 wet air temperatures the mean deviation
is 190F.

During the data analysis, it was noted that the calculated surface
temperatures for wet air consistantly gave better correlation with the
measured results for the double skin system than for the single skin

.system. There are at least two reasons why this is so. First the double
skin will give a' more uniform temperature distribution (i.e. nearly
constant) and second, the deviations from this nearly constant value will
be smaller. Both of these will work in favor of better accuracy from the
calculation method. These are well -llustrated by the tabulated data,,
(Tables C-4, C-5 and C-.6) and Figures 4-17 and 4-18.
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Figure.4-. Averaged Surface Pressure Coefficients
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Figure 4-3' Average Channel Efficiency
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Figure 4-4 Comparlson of Calculated and Measured Surface Temperature
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1 EFFECTS OF INLET LIP POSITION
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Figure 4-5 Effects of Nacelle Lip Position
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Figure 4-6 Effects of Nacelle Lip Position on Efficiency Distribution.
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Figure 4-8 Effects of Nacelle Angle of Attack
on Surface Pressure Coefficient
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Figure 4-9 Effects of Nacelle Angle of Attack
on Channel Efficiency
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Figure 4-10 Comparison of Calculated and Measured
Surface Temperature for 3 Nacelle
Angles of attack
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Figure 4-11, Effects of Nacelle Inlet Mass Flow
.On Surface Pressure Coefficient



EFFECTS OF INLET MASS FLOW
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Figure 4-12 Effects of Nacelle Inlet Mass Flow
on Channel-'Efficiency
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Figure 4-13 (Cont.)

4-27



1.0 EFFECTS OF SINGLE AND DOUBLE SKIN
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Figure 4-14 Effects of Internal Flow Distribution
on Channel Efficiency.
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Figure 4-16 Comparison of Calculated and Measure
Surface Temperature for Two Bleed Al
Temperatures. - Dry Air
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Figure 4-17 Comparison of Calculated and Measured
Surf-ace Temperature for Two Bleed
Air Flow Rates.
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Figure 4-18 Comparison of Calculated and Mea~sured
Surface Temperature for Different Liquid
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Figure 4-18 (Cont.)

4-36



u- 250 EFFECTS OF LIOUID WATER CONTENT

12 O'CLOCK POSITION

Run 44B

LLJ 150 LWC = 0
0 Measured

a: 0 Calculated.
S100

LAJ
U 50I-

cc

0

0 1 2 3 '• 5 6 7 8 9 10@

DISTANCE ALONG SURFACE - INCHES

S50EFFECTS OF LIOUID WATER CONTENT

Uj 12 O'CLOCK POSITION
' 200 WET AIRI-vs

* Run 109B

cJ 150 LWC a 0.770

13 Measured

SI 0 Calculated

U,

S 1 2 3 4A 5 6 7 8 9 1

DISTANCE ALONG SURFACE - INCHES

Figure 4-18 (Cont.)

4-37



S250 EFFECTS OF LIQUID WATER CONTENT
w~ 12 O'CLOCK POSITION

20 WET AIR
"* 200

Run 103B

i50 LWC = 0.888

13 Measured

"- 0 0 Calculated

U 50

0 1 2 3 4 5 6 7 8 9 10

DISTANCE ALONG SURFACE - INCHES

u- 250 EFFECTS OF LIQUID WATER CONTENT
Lu 12 O'CLOCK POSITION

WET HIR
* 200

Run 115B

a 15 LWC'- 1.442

cc Measured
cc

100 0 0 Calculated

U 50

(• 50 o 0 ' ... • • e P, 'CC

CC

0 1 2 3 ' 5 6 7 8 9 10

DISTANCE' RLONG SURFACE - INCHES
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Fgutre 4-19 Comparison of Calculated and Measured
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Figure 4-19 (Cont.)
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-5.0 APPLICATION OF THE PROCEDURES

The analysis method'consists of two separate programs written in Fortran

IV. As presently programmed, these can be run on POP 11/70, IBM 370 or.

Ot~er compatible equipment.

The first proqram, CHANEFF, is used to determine the heat transfer

efficiency of the inlet lip hot air distribution system. The intent is
to determine the effi'ciency for the particular configuration to be

employed in the nacelle design by running-dry air tests in a wind tunnel.

The test' model can be two-dimensional with a configuration representing a

partial section of the nacelle inlet design. Data to be collected during
dry air tests and geometrical information that is required for running

program Ch.._FF are:

Nacelle Geon'etry

Leadii, edge radius

Streamwise surface length of the heated surface

High-light diameter

Flight Condition Data

Flight/tunnel pressure altitude

* Ambient temperature

Flight velocity/airspeed

Bleed air mass flow rate

Bleed air temperature

Inlet Lip Data

Surface skin temperature profile streamwise around inlet lip

Surface static pressure profile streamwise around inlet lip

Surface static pressures will be used to calculate the pressure coefficient

characteristics of the inlet lip. With the above listed data the channel
efficiency can be calculated for incremental intervals, streamwise around

the inlet lip. For the same nacelle geometry and engine flow characteristics,

the pressure-coefficient profile will remain the same so long as the nacelle

angle-of-attack is held constant.
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The second program, ICEOFF, can be employed to evaluate the anti-icing

performarce of the nacelle inlet. This program can be used in any one or

all of the following'ways:

a. As a tool during the design phase to determine the bleed air

requirements for anti-icing.

b. With incorporation of an engine performance routine into the

present program this can be used to size the heating system.

c. As a.means to demonstrateerigine/nacelle anti-icing capability

as part of the FAR anti-icing performance.

The data required for ru:ining program ICEOFF are:

Nacelle and Aircraft Geometry

Nacelle chord length

Nacelle thickness-to-chord ratio

Nacelle inlet leading edge radius

Nacelle inlet high-light diameter

Extent of inlet lip heated surface

Wing area.

Flight Conditions

Flight/tunnel pressure altitude

Aircraft gross weight

Flight velocity

Constants of the airplane drag polar

Inlet Lip Data
Surface pressure coefficient profile streamwise around the inlet lip

Channel efficiency profile streamwise around the inlet lip (From

Program CHANEFF)

Icing Conditions

Ambient temperature

Droplet median diameter.

Liquid water content

Cloud horizontal extent

5-2



Program ICEOFF is written to operate in two different modes as follows:

Mode I - This mode uses icing tunnel data and predicts evaporation

and runback. In order to check run-data as it proceeds, this mode

of operation prints out intermediate calculation of the point-by-

point analysis.

Mode II - This mode is used for icing prediction under given

flight and, icing conditions.

Detailed instructions for use of these programs along with sample inputs

and outputs are provided in Appendices A and B.
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6.0 CONCLUSIONS

Two Computer programs, based on a simplified heat transfer theory, have

been developed. The channel efficiency program,'CHANEFF, pro':ides a means

for evaluating the external and internal heat transfer characteristics of

an engine inlet anti-icing system. The anti-icing program, ICEOFF, provides

a means of evaluating the icing performance characteristics of an engine

inlet anti-icing system. Both programs are developed for a continuous

flow hot gas anti-icing system.

The program ICEOFF calculates the inlet lip skin temperature profile for

dry air with very good agreement. The calculations for icing conditions,

though useful, are not so good. The mean deviation of the calculated

temperature is 61F for dry air and 191F for wet.

It is concluded that, although better accuracy could bf desirable for wet

air calculations, the method is simple to use and gives rapid and useable

predictions for the surface temperature distribution on an engine nacelle

inlet lip that is anti-iced with hot bleed air flow. The method is applic-

able to a wide range of independent variables in the problem and treats

double Skin distribution systems equally as well as single skin piccolo

tube systems.
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7.0 RECOMMENDATIONS

Theunderlying basis of the present approach is the characterization

of the internal heet transfer that is used in the analysis published

by the Federal Aviation Administration', by a single parameter,, referred

to as Channel Efficiency. This parameter is used in lieu of a more

definite determination of an internal convective heat transfer coefficient.

Channel Efficiency equates to the ratio of external heat transfer divided

by internal heat transfer. Any errors caused by improper determination

of the internal or external heat transfer will then appear in the value

of Channel Efficiency when using the program for evaluating experimental

data.

Based on the analysis of dry air data using program ICEOFF, it is

concluded that the assumptions made in formulating the internal and

external flow and heat transfer model are very reasonable. This is

supported by the 60F mean temperature deviation which is probably well

with'in the data accur-acy. This is considered excellant agreement and

no change to this' portion of the program is recommended.

The correlation accuracy for wet air (190F mean deviation) is not as

good as for dry air. It appears that 'there is possibility for improve-

ment here. Brief dnalyses of the cause of major temperature differences

-between calculateu and measured near the stagnation point indicated that

the rate of heat transfer in this region is consistantly over predicted

resulting in higher than measured temperature. On the other'hand, near

the aft limit of the heated region, the calculated temperatures tend to

be lower than. measured. A more in-depth investigation of these two

regions would probably result in improved calculation prccedures and

better accuracy ontemperature correlation. Potential candidates for.

improvement would be the modeling for evaporation and heat transfer.

1. op. cit.
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The method presented does give accurate trends for a variety of external

ambient condi-tions (i.e. droplet diameter, liquid water content, etc.)

and no further improvements are recommended in this area.
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AfPPENIX A Channel Efficiency Progran'

A.1 Flow Chart

START~

CALL
-EXIT YE F



A. I Flow C•atýont.)

READ: ?o
TSflAT

rWRITE:
CONFIGLJAT1QN, DATA

T•.-ST NO., ALT, TAF,
ýOKTAS, 1.1 B

HEADINGS

COMPUTE:

PARAMETERS

S' D00 150 =1,N

COMPUTE:
HEAT TRANSFER
RAT ES

IF N
YES 1> 1'

ES

CALCULAT ION CALCULATION
AWAY FROM THE AT THE
STAGNATION POINT STAGNATION

POINT
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A.1 Flow Chart (Contt)

IN~TERPOLATE COMPUTE:
'PC &TS PPP

rTS, THETA

COMPUTE: 

WI TETHETAO PL, V, S.PTHETA

T~NA FLO

HEAT TRANSFER

HETTRANSFER
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A.1 Flow Chart (Cont.)

"IS TURgULENT FLOWNO THIS ' HEAT TRANSFER
FIRST TIME

I THROUGH LOOP?

YESV 100
70 COMPUTE:* TURBULENT FLOW

COMPUTE: HEAT TRANSFER
S FOR RES=

2 x 105

COMPUTE: 
IILAMI V' 71OW 

J
HEAT

*"COMPUTE:

F3 FOR RES=

1.2 x i6

COMPUTE:,

TURBULENT FLOW
HEAT TRANSFER

7 95

INTERPOLATE FOR
HEAT TRANSFER AT
DESIRED'VALUE OF S
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A.! Flow Char"t (Cont.)

105

COMPUTE:
CPB, TS, EFF

/ WRITE: f
S HPH, TSF,
,TBF, EFF

COMPUTE:
* DQ, DTB, TB

COMPUTE SUM
OF EFF FOR
AVERAGING

S - S+ DS

LOOPBCK BACK
IF MORE

POINTS II I! + 1

160
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A.1 Flow Chart Cont.)

WRITE:
S, EFFAVG,
NUMBER OF
CASES
AVERAGE

JJ JJ +.I

200

CALL
EXIT

END
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A.2 Input and Operation

This program uses experimental data for flight and bleed air conditions to

.compute a channel heat transfer efficiency on a point by point analysis.

INPUT PREPARATION

CARD 1 (40A2) Title

This card can contain up to 80 columns of

alphanumeric information. It will be used as

the headirl for the output data sheet.

CARD 2 (4F8) Nacelle Ceometry

This card has 4 fields of 8 columns each to

contain the variables RLE, SH, DIA and DS

(F8.2 format).

Column I RLE - Radius of curvature for the leading edge of

the nacelle inlet lip in feet.

Column 9 SH Streamwise length of the heated surface in
feet. (Heated area per foot circumference).

Column 17 DIA - Nacelle inlet highlight diameter in feet.

Column 25 DS Length of Increment used between points of

analysis in feet.

CARD 3 (16F5) Pressure Coefficient Table.
This card has 16 fields of S columns each to

contain streamwise distance measurements,
from the stagnation point to the point under

analysis, in inches. The values should begin

at zero (stagnation point) and increase at

any desired interval until the aftmost heated

region is reeched (F5.2 format).
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A.2 Input and Operation (Cont.)

CARD 4 (16F5) Pressure Coefficient Table.

This card has 16 fields of 5 columns each

to contain pressure coefficient values for the

corresponding points on Card 3 (F5.2 format).

CARD 5 (40A2) Flight Title

Test or flight number and any pertinent

information up to 80 columns (40A2 format).

CARD 6 (5F8) Flight Parameters.

This card has 5 fields of 8 column.s each to

contain the variables ALT, TAF, VKTAS,
WBM and TBF (F8.2 format).

Column 1 ALT - Altitude (MSL) of aircraft in feet.

Column 9 VKTAS - True airspeed of the aircraft in knots.

Column 17 TAF - Anbient temperature in OF.

Column 25 WBM - Bleed air mass flow per engine in lb/min.

Column 33 TBF - Bleed air temperature in OF.

CARD 7 (16F5) Surface Temperature Table

This card has 16 fields of 5 columns each to

contain streamwise distance measurements, from

the stagnation point to the point under analysis,

in inches. The values should *begin at zero,

(stagnation point) and increase at any desired
interval until the aftmost heated region is

reached (F5.2 format).

CARD 8 (16F5) Surface Temperature Table.

This card has 16 fields of 5 columns each to

contain surface temperature values corresponding

to the points on Card 7 (F5.1 format).
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Up to 100 cases of cards 5, 6, 7 and 8 can be handled at-one submission.

Card 8 followed by a blank card will cause the routine to calculate point-

by-point average efficiencies and then loop back to read new nacelle

geometry and pressure distribution data (cards 2, 3 and 4)1. As many as

20 such configurations can be handled at one submission. Card 8 followed by

2 blank cards will terminate the program.
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k.3 Program Listing

.~~~. .........- NH ~lj m C H AMNEF'F . . . . . . .2 ....... . . . . .
...... . . . . . .* ? ;rIN0 [P AP.11ICr, 0-NA! S

........ .. .. .....L'i AI %Al 10 0F ;4LFEP AIR CrAMA;fjýL, ~rv

PLAL, J,K1,l
DP1tNST'.IN T I 'Lý (40 ,FL.T (4U)

DIMAiNSON TPr,IAT(1 U2 )
r) N6 1(1ý,F t F1I(( Ib I

--------------C(I"Tu r) )

TW=3

N-TS= 1 6
C=32ý. 17'4

--------------- IFT

DoU 170 5.11 21j

Fl FC(L:0.

S CUN~I J NtIE

1F(RL~t UKI. 0.)CALL F.XIT

PEAU(IP.140o) PbDAT
DO 150 IT1. 100

RKADIR,300) ALT 'lAI VtVIAS W13M,TBF
TIFCVN'AS .k.0.6I) (h TO I190
IF.(VK'rAS . GL. I.' GO TO, 10

20 CON1INUE;
.NCASKI 1
RE.AL(IR,.1400) TS0AT
DO) 25 1=1, 1.6
TSVAT(T. 7)=lSUAI(L,21+4514.bI8e

* 25 CIJNTI NRJ
TA:1?Al+459.bgh
TI3:TfF+F459.6b%~
Wi3=WBf/ (60.*PI*DIA)-
01 TE (1,410) TITLE
WkTT (1 600bO) PL.F'.SHDl
WHIT1E(1W,4O) FLT
%RITE(IW 700) ALTIrAF .VITAS,WBM,TBF

C- -- -- -- -- -- ------------CALO)ILA-111 Mj FlijASIC PAPA0,EFTR S

II.(Xm .LE. O.0) Gu Tn 30
VKTAS:X.O*A

30 VQ:,VK'IAS*1.b87A
CPz.236.5+7.tb*TA/1O.**h
Mijj7 475*'rA**1 .5/ (T&A+2 b. ) /10.**7
K z1: a72 + *Oh 944 * rA) /10. *0*7
PR=CP*141J/K 1
PA21,1tPAT(770-.9k7*IT)
RHiO:PA/TA/P
PE FTn0: m Hi)* V() / mti
Pý:LE2HF.FTU*9.*PLF
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A.3 Program Listing (Cont.)

DP~FkHU/k
T2=vfl*vfl*ppR* * / (i,*CPGj

C--------------------- Pjl;4T-PY-- -rJNT ANALYSIS nFl HFAT TRAN6FF~
C R IAT II 44SHIFS , SIAR'LIN( Al STA(4~ATT0d'
c PuTNT ANn FNOJt4G; A AFJM031' PCINT OF
C I'LATI-'V RFGICJN
C AT AFT'MLST POVIT OF PE.A'IFf IEGION

C------------------- -- TINJTTALlSL CoNP,.TT1CNS Aigi) S'iA;-1

S=PbODe( ID1)/i?

.NN=1

IF (I .(;T. 1) GO To 35

C------------- --------- SIAUIATI(3- Pr)INT CALCUTLiiP V

PC=PSDA~i(D2)
TS:T'S[AT(1 ,2)
TriFTA=S/RLF*S'i7.3f
kWR7TF(Th,900),,,Pr, rHTA
PL:PA+DP
cO TO 40

35 CONTINUE~

C-------------- ---- CALCfIIAfTTOtNS AWAY FfOi; TwE s-fAr.PAT~T)k VijIi.T

PC:TRP(S .PSLiA'INPS)
TS:TRP(S T5DA'i .NT,%)
THF'rA=S/6LF;57 .30
WRTTHIi* 90)b PC T t F.AA

Pb=PA+PC*OP
H ES:HE F'TO* S *V /V 0

40 CONTTV11h.
IF (THETA .(;T. i5.0) (-, To 50

C ---- ----------------- CYLJNUJFR RFGTON

W~fIEF(Iw 420)
GO TO 104

50 CONTINUJE
TFCPES .Gl. 2.O,:.S) ('7 To 60

H=.332*K1*P14**( 1./3.)*RE:S**.5/S
WHTIF'(rW 430)
GO TC- 1-0

IF(RES .GT. '..F)GU Tri 100'
C,

*Rf.STllzRES

Go TO (70,95), NN)
70 CUNTINI0k

.C--mw--- ---- A CALCULATION 0O' PC6,V AND M AT THL BtýGLU4'IG OF
C THE TkANSITEOP R OETN

PCxTRP(S1 MSAT NI'S)
V:V0*S0FtTUl'.PC$
RESTlzHLFTn*s1*v/vO
XFARS(I'ESTI-2, (jF) 1,F 100,1 CI TO 75

RESTI 1uRFST1
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A.3 Program Listing (Cont.)

C-------------------- CA.LCULI.I1I(IN OF PC, V AND) H AT Tltr. e~f thE Tr4iF
C 1.PjdibTlu(N PkGfriG (i

PC='l'PI(S2 -PCf)Al N

s=2 1+d *Rb

95 CUJNf T IE

c nF ViL TPA'Tfl*fS REGIO

GOTO( 10NSTi-l2r).F 0. OT

15CONTINUE H

C -------------------ý---IIUTtP0LATNFRH UE H AI(FT'

AWRITF(Iw 440)SI PFeFF

100 C(JNINUEFFkF~Cl

1605 CONTINUE,
C TCW,30
C D-----------OLIIT 165~ CONlTION
C FA(ZFtC('/CS

TbR*TA*(I110 STNCHb)(l).-F'L/PMC,

SI?~A*12



A.3 Program Listing (Cont.)

40i0 H JP )pAT 40 A 2
410 %jPmMI(HJ,40A2)
420 FUPMA¶1(5X,'** CYT,I~I)~P P*'
430 FrIPP Al" X'* LAIV I JAW *'
440 ý uP~AITbX, THANS1 I~r V #'N

450 FOR PA;l( 5Y '** TPjblKFNT **')

12.z x , EATLI) ARFA P~i FrfIOr RWAt F7 3 b'
222)(T,-IP t'IGCiIAI~T ,lAP!FTFit ,4X ý6 I Fij 'II /)

700 FL1PYAT(/22X,'AtL''TiTFIU,15XF hII F+'/2 ý)Xc 'AVh ILF P ,7A

2F4 I LFF1'/?.'LFLr) T r.mP' 15 X, I , I.' " ')
POO FIJP.Vt4.J(///1UX , S(Ii)'l ,7X , '(I VW HR)l ' , ') (.S I IN T~~ X' ,i~ N

i D r ý.. t v , F 7 X, I L F 'I

1300) F 0.4" Al ( Is H I I, A :;(Ti-J 8 *X, 'E~FF CAVO)'I
1400 Fuj~A'I( IbV;.2)

CALL eXIT
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A.4 Function TRF Listing

FtINCTIrFj. I '(5,$ *S, AT, IM A )

flu 14U K=i fIA, A(~S*] 2. -f.4iJ1 r(÷z *) .1 , 13.), 1'sO
13o T" N I I. F1T I•

IuPS, IAI (i+A 7I'-',4T({ + 3 1)) 140, 14'G, 150140 Clit'l' i .,l•F
150 (r0N i T'1,,1k.

PC-srA LAT(, I2 1(( r -PSr( l) (KF))*( (PS)AI(K÷IsA)-T•ri( ( /

2PSirAT(Kle, I ) -* V. SA'r (K+ , 2 )-PSLA i )+ I ) PSV A' T , )-PKi+(? , I )I)

4)

F'A-1
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A.5 SamLe tnput Dat~a L1 L~ T ~iN C~
.. 045 7 t.2_ yoI

if154, (Fu rIPT ~ l tP&Ffý I. 1 AT(ftC332Z4.'. 14 . P 5 4 G2"14 'r4e7,4F 2* 204 2 3.5 j - " 3.(, 3.5 4.51~~ 4.l i'A2 104, T 223. 16 . 1 O ~. 94.
319 3 . 1 9 2126. 1 'i7 fjP' J

0,0 1 1( h 5 l 5~j 45 ?s J F). LI P2t C C ? PIC -1 1

2 0 g .2 1I* 2 2 . S . 1 4 1 J 4 . 3~ I0 , 3 . 5
( 0 1 F ' I U A r b 1 3 k .P F ~ ~ 2 ~ . u c~3? b 1s~ k , . 11.94 1)[4 .00 0 0 5 1,4 9 7 4 3. C 3, r.

208.F (2T. ri 64/ l)I5F4 Lii. 0 5 ~ 4.I~. l 51 7 5 6 , - 7 : . 3 1 4 2 .1 1 4 * C s l o g .

5n p. 142L~ .6 i, j 3.4 aI q-P 2'A Af!' k j,,(- F

O 0 0 5 17.0 IR.~ Ž.4ý P6. 74. 75 4.5C0 ý F 2(, 224 237 1 , 10 . l s 1 75.1 7 4 n, 7G U .4 1 4 Flp p k -JA C CPI*I-0.020.5. ,0 442,41. Ff.
17 o - , 1 2 4 59 J 45 2

0.0~~ (0.5 H. 1.5 11. 30 3.225 23 .0 2 7 , 2 0 1?~ &?? 121 121. ')- (,* t27942,7& 
(12 9 AU0. .5 19 . 0; e. 2. 2.-S 3.0 3.5 q*

(I -' 1357 1,1.

1 429 42-0 . 59 , 1 2 0 9 01 9 . 71 7o) 0 0. 5 .1 LT . . 0

Cnl F5g 16. lo
1736,7 75. A4 Z 6P F . 05.

0.0 - 0.5 1~ 142 .7, 2.01 31o TA2? t, - . C96 C f.- ,

0. . 10 1.5 2. 2.5, 3 01 3.5 4 '5205. 214. 035 226. 158 7, I 8Ifo. 810. ji

2745. 125~42. 4 1 5.(76 451.7

o0 0 1.0( 1.5 2. 2. C; 3.0 3.5 4.5206! 205 234 . 6. 17 10,,, 96, A 6 6

e, 56 5 .



A.6 Sample Output Data

~UUFVL 35 F c;r i4(lN i, P' bL'T FI) A I1i C i-, A M--F I F iI I

L F AI)1 G ; Fi,, HA r I Is I ~ ~ yrhFA T ý- A r FA F P F 0 S PAr t *0.5R S.jFLi
LbTP'4I ~1TL 16 -HT U IA mTP k:R .237 P 1

CONIIGL+A~i Uij 1 O~A 14['Pi. LIP TAF& C R C1'tI

A 0,' T m p 1.3 F

t~t', Th~P402.4 F

sz 0,00000060L.+00 PC= 0.Iofu0o0.(.>+fl1 Tkh.'[A
**CYIIND~k **n .On 43.klO 164.00O0 ( .f

0.50 4 1. 5 197.00 3q 2 .54

Sz 0.83333999E-91 PC= .'. I294ho 36F+00* I Hk fA 6. ý
#*TPANJ6TION *

1.00 21.14 204.ou 392.32

S= 0 l25001'OOE+C10 PC=-0.1'47t.)017'eE4Ol T 'I A 57.Y
TPANbJT7UN **

1.503'9.10 22 3. flo 376.70 .'I

S= 0.1666bgooi.+60 Pc=-0.12999'848F+01 TPKTA: 76.,4(
*$TRANlItIOJN *

2.00 47.34 160.0.0 u . c'.;

S= 0 20833500l±+00' PC=-0,q3'4,qv22E+00 'rTOA 9b.:30
TRANSITION~ *4'

2.50 52020G.00 355.~i3

S= 0,2500020OP'+00 .PC=-0*Roq99bi3E.+0o 1;F:1. 11.6
**TRAPSITTUN *

3.00 b5.6, 9 4. 0 o 349.-41
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APPE'iDIX B -ICING ANALYSiS PROGRAM

B-1 Flow Chart

START'

READ: ]fCONF.IGURATION
tooDO 277 JJ -- ,20

DOATA_

I 'F 2yi CALL
RLEO s 0 EXIT

NO

rRITE

TESTES

CONIG DTAS

4 , 
NHEADINCAL

VKT % EIT



8.1 Flow Chart (Cont.)

READ:
TAF, 0DM,
LWC HoIO~Z.

ji

COMPUTAT8-2



B .1 Flow Chart(Cont.)

DO 253 1 1,N

COMPUY, HEAT
TRANS-EiR RATES

IF NO

INTERPOLATECOPT

FOR P AND C,9P3



B.1 Flow Chart(C3nt.)

4 .4

TURBULANT FLOW II
HEAT TRANSFER u

I

e

&
* B-4

4



BlFlow Cart(Cont.)

INToERPOLATE FOR
HEAT TRANSFER AT
DESIRED VALUE OF S

185

WATER COLLECTION

COMPUTE TS'
Ti, T4 QIN.
QOUT, FOR NO
EVAPORATION

IJ j

205

NO IF-



.B.1 Flow Chart(Cont.)

SIS

QIN > QOUT YE

219

NO TS >32 0F YES' TS = TS+DTS

IS Yes

.225 TS < TB
is

<QIN <QOUT Yes NN

oN N

220 WRITE:
TS 320F ALT, TAF,

COPT E. VKTAS, NIPCOMPUTE• W&M, TBFIN,

TI, T3, QIN, DDM, LWC '

QOUT FOR D

TS = 320F II

V230 -TS - TS-DTS2DTS - DTS/3

COMPUTE (K) TS - TS+DTS
EVAPORATION
TO IMPINGEJDE'

RAT I ii

RECALCULATE

T6, T3, TS,QIN, QOUT

-B-6 ,



B.1 Flow Chart(Cont.)

240

COMPUTE%
WATER RUNBACK,

FROM
-POINT

ICOMPUTE:•
.DROP IN TB

IF
MODE 1 1

No

250

WRITE:
SIN, PC, EFF, TSF, II
DMWIH, K, DRBH,
HPH IJ JJ

252 J

I I + 1 V7LOOP BACK IF,
5 MOPE ,POINTS
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B.1 Flow Chart(Cont.)

COMPUTE: 1
TOTAL IMPINGEMENT,
EVAPORATION

COMPUTE:
TOTAL RUNBACK
CROSS-SECTIONAL

AREA

WRITE: ALT, VKTAS, TA
NIP, WB. TBFIN, DDM,
LWC, HORIZ, IMPPH,

EVAPH, PERC, RBPH,
RBS

275 IJ IJ + 1

276 11 =11 +

277
JJ JJ + I

280

CAILL

EXIT

END
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B.2 Input and Operation

MODE - I

This mode of operation reduces experimental data to check for accuracy.

An expanded output shows results of intermediate calculations in the point-

by-point analysis.

INPUT PREPARATION FOR MODE- I

CARD I (20A4) Title

This card can contain up to 80 columns of

alphanumeric information. It will be used

as the heading on the putput data sheet

(20A4 format).

CARD 2 (1FlO) Mcde

Enter a "1." in column 1 for Mode I

operation (F1O.3'format).

CARD 3 (8F1O) Nacelle Geometry.

This card has 8 fields of 10 columns each

to contain the variables C, TOC, RLE, DIA,

SH, SW, CDO.' (F10.3 format).

Column 1 C - Chordwise length of nacelle in feet.

Column 11 TOC - Thickness ratio (maximum nacelle thickness/

chordwtse length) non-dimensional.

Column 21 RLE Radius of, curvature for the leading edge of

nacelle inlet lip in feet.

Column 31 DIA - Nacelle inlet highlight diameter in feet.

Column 41 SH - Streamwise length of the heated surface in

feet. (Heated area per foot circumference).
Column 51 SW - Aircraft wing area in square feet.

Column 61 CDO - Drag polar term (CDO or CDintercept).

Column 71 OCO Drag polar term (k or CD
slope

(CD - CDO + (DCD)CL 2 Drag polar).
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B.2 Input and Operation (Cont.)

CARD 4 (15F5) Pressure Coefficient Table.

This card has 15 fields of '5 columns each to

contain streamwise distance measurements,

from stagnation point to point under analysis,

in inches. The values shall begin at zero

(stagnation point) and increase at any de-

sired interval until the aftmost heated

region is reached (F5.0 format).

CARD 5 (15F5) Pressure Coefficient Table.

This card has 15 fields of 5 columns each to

contain pressure coefficient values for the

corresponding points on card 4 (F5.0 format).

CARD 6 (10F7) Efficiency Profile Table.

This card has 10 fields of 7 columns each

containing the streamwise distance measure-
ments from the stagnation point to the point

under analysis, in inches. The values

increase at any desired interval until the

aftmost heated region is reached (F7.3 format).

CARD 7 (10F7). Efficiency Profile Table.

This card has 10 fields of 7 columns each

containing the channel efficiency values for

the co rresponding points on Card 6. (F7.3

format).

CARD 8. (20A4) Test Title.

Test number and any pertinent information up

to 80 columns (20A4 format).
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B.2 Input and Operation (Cont.)

CARD 9 (3F10) Flight Parameters. This card has 3 fields of

10 columns each to contain the variables ALT,

W, VKTAS (F10.3 format).

Column 1 ALT Altitude (MSL) of aircraft in feet.

Column 11 W - Weight of aircraft in pounds.

Column 21 VKTAS - True airspeed of aircraft in knots.

CARD 10 (4F10) Icing Conditions.

This card has 4 fields of 10 columns each to

contain the variables TA, DDM, LWC, & HORIZ

(FIO.3 format).

Column 1 TA - Ambient Temperature (in1F).

Column 11 DDM Water droplet median diameter in microns.

Column 21 LWC Liquid water content of surrounding air in

grams/cubic meter.
Column 31 HORIZ - Horizontal cloud extent in statute miles.

CARD 11 (3F10) Bleed Air Data.

This card has 3 fields of 10 columns each to

contain the variables WBM, TBIN, NIP (F10.3)

format).

Column I WBM - Bleed air mass flow rate per engine in lb/min.

Column 11 TBIN - Bleed air temperature in OF.

Column 21 NIP - Percent engine RPM.

In this mode a dummy card with "33." punched starting in column 1 should

follow card 11. This will loop the routine back to read in a new set of

test data. Cards 8, 9, 10 and 11 followed by a "33." card should be re-

peated for as many test cases desired up to 100 tests.

One blank card following a dummy "33." card will allow the input of new

mode, nacelle geometry and pressure and efficiency data cards. Two blank

cards following a dummy "33." card will terminate the program.
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B.2 Input and Operation (Cont.)

Mode II

This mode of operation is for icing prediction under given flight and

icing conditions. Intermediate information or calculations are not shown.,

INPUT PREPARATION FOR.MODE II

CARD 1 (20A4) Title.

Prepared same as for Mode I operation.

CARD 2 (MF1O) Mode.

Enter a 2. in column 1 for Mode II operation

(F10.3 format).

CARDS 3-7 Same input as described under Mode I

operation.

CARD 8 Flight Parameters.

This card he, 3 fields of 10 columns each to

contain the variables ALT, W, VKTAS, (F10.3

format). These variables are input the same

as for Card 9 under Mode I operation.

CARD 9 *(4F10) Icing Conditions.

This card has'4 fields of 10 columns, each to

contain the variables TA, DDM, LWC, & HORIZ

(F10.3 format). This data is input the same

as for Card 10 under Mode I operation.

CARD 10 (3F10) Bleed Air Data.

This card has 3 fields of 10 columns each to

contain the variable:. WBM, TBIN and NIP.

(F1o.3 format).. This data is inr the same

as fo,. Ca;-d 11 under Mode I operation.

In this mode up to 100 sets of cards 9 and 10 may follow a.Flight Parameter

card. A dummy "33." card following a card 9 and 10 set will allow input of

a new Flight Parameter Card 8. One or two blank cards following a dummy

"33." card has the same, effect on the program as during Mode I operation.
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P.3 Program Listing

C ................... PROG~RAM ICF~OFF . ......... 6/22/79 .............
C ................ o FNr,1NF INLET LIP~ ANTI-ICF ANALYSIS ..... ....
C ........... ,.... , DEE..4ATN .AT-TIG .ZFkA~C

PE:AL J K Kr',K1 2',CISWUMAA',wtPMLEipipl
PEAL 0U
O1vFNLT!ON PSDAlA)l1t,2)
DI)INSIIJN Ff'PAT( !o,2)
D1PMENSTON 'TITLF(2G)
flt'V.NSION 'rEST C20 )
riPEN(liNl12 NAML='TflOFF.DAT-1 ,TYPEIf'n~),
OPFN(CUNIT=:3NAME:' ICFOF~F. oUT' DISP' PR TNT')

C,
C - -- -- -- -- -- -- -- ------CONSTANTS
C

NPS~lb
NtES=10
G=32. 174
PI:3 1416
J=771l
P=53J,5
fls: 041 6667
0 T S iM='20.

C
C--------------------- TtiPUTS
C

Pt.Ao(IR,300) TIT~LE
D0 277 JJ=1 20
PEAD(IR,3105 MOUF

READIR,10)C TOC KLK,bIA,8H,SW,CDUj,'UDC
RFA(NL:E 0 LE .6) G6 Toc 2RO
READ(IP,1100) ('(PSDAT(IN), I=1,NPSRI, W=1l,2)

Do 276 ili 1,100
XM=0O.0
IF(Mr1DE NE; 1 0) GO TO 15
PEADC1R 500) TRST

15 CONTINIJ4
PEAD(IR 310) ALIT W,VKTAS
IF(VK'TAý .LL. 0.6) CALL FxiT
TFCVKTAS .GE. 1.) GO TO 20
X M:V KTA S

20 CONTINUE
WRIIE(Tw,330) TITLIF
IF(MODE .NE I o) Go Tm 25
WRTITETW,326) +'EST

25 -------------- CONVERSIntJ OF INPUT DATA TO INCHES
C

CI !I 12 * *C
RLEIMJI2.*PLIF
DIAIN=12 *DIA
SHIN=12.4614
W,1411PC1W., 400) CJN,TOC,RLEI.N,P1AIN,'SHII4,SWOICDO,DCD
WRITE(IVED500) W
wrITR(IW 600)
DU 275 1J=1 100
READ(IRt31O5 TAF UDD LWC HORIZ
IF(TAF *GT. 32.)GOl +0 2%b

C ---------- 7CNVRINO UNITS
C

Sb:SH/2.
N=SL/DS+1
TAxTAF*459 bob
DD=DDM*3.2A1/j0;**6, OBAI AA [R

C
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3.3 r22,-a Listing(ot

f A m .LF. 0.0) GU TO 40

40 vi) 3zvirA5*j .079

vU7.475*IA$*1 .S/(TA,21b.)/1O.**
7

PA=211IA.21/tKXP(ALI/(2771O.-.n987
7 4*ALjT))

PRiC=FA/TA/fk
P EFT t po-:* V (/,A

tlI =iýFFTG*2.*'nLF

C

CL=*/DP/Sw
Fe: (Ci rj~~bCr,*cL.*cb,)*F)P*.sw/2.

C
C - -- -- -- -- -- - - - - - - - ----- S CALI. F('k ENGINtý P'FU0tAANrt:
C Pt(OGwAg To, uPTAIN BLEE.D AIR FLC*
C WET~ ANOi TF'MP~4ATUPK; OR RE.AU THIS
C ();4A ~FROM TNP6T
C

PE40(l 31(1 vqk*ý ,

C.
C- -- -- -- -- -- -- -- -- -----CALLULATIUN OF IMPINGEMENT UATA
C

IF(LWC .GT. 0.0) Go TO 60

Go 10 4
60 CLJNTINUL~

IF(kFD .GT. 2U0.') GO TO 70
b8 Ltz9)4O(~b

Gi GtO71
70 LOTS= 74- 0H07*Af,0G(p~n)
71 K 2 z. 15 8 V/mt/C*Dr;VI~rG

FO=K7*LULS
IF(K' .GT. .01) CU Tfý k
7F(KO [T 1 *n04) GO TO 77

75 Fmx.08'?3*(ALflG(Kfl)+5.b22)
GO ro e5

77 FAW0.
GO TflIo

it 0 1(KO, .GT. 4) GU TO 83 -_

* FMs.09+ 31*(2.+.4.i42*AL0G(KO))**1.55
GO ¶0 P

8 3 TTPF(Iw~ 900) Kn

85 WmuVO*LwsC *TOC*C*FM*,623/10,.**4

"~WLE.Z20*I0UAV

--- PjrT-ypIi ANALYSIs flV 1EATIP4ASS
C TRANSFER RFLAT7ONSHIPS STARTIN~ AT STA(MAT1U4
c PUINT A~r) iNnING AT 'AI'TOST PU NT flr rtEATL.f

1~ Pk.GIM4

Cw-t --- wllrL3 CONDITIONS AND STAF41
C

-s *SPs A?(1,1)/12.

TBST61NI



B.3 P ro g r.3, Listing (Cont.)

TQ)T 1 4=0f . 0
co 293 1:1 N'
1F(S .LL.- E) GO TO 100

100 sp:S/sL,
C
c---------------------- CALCIILATTON OF LOCAL HEAT TRANSF'Fk COL~rIC1isf
C

C
C----------------------- CALCULATION AT THE STAGNATlON pntNr
C

PL=ý-A+DP
TtHFTA=S/PLF*57. jn
P ES=0 *0
co in 120

'15 CUNTTrJUE

C--------------------- CALLIIATrrP)N AWAY FROM THE: STAGNATIUN P01.4T
C

PC:1Pk'(b 9S0A'T,NPb.*IW)

V:VO*S()kT( 1.-wC)
PL=PA+PC*DP
PE5:PEFT0*S*V/VU

120 CONITNLJE
C IF (THFTA .16T. 25.) GO 'Tn 125

C------------------ CYLINLF1 RFGTON
C

GO TO 1d5
125 CH'~jTTNUL

lf-kF. *GT. ?.ES) G-j ro) 131%
C
C - ------------ LA4L4AR FLOO kF.GIOt4.

c Hz.332*~1*Pfr**(1./3.).RE:S**.5S/
GO TO 105

135 CONTINUE
.IF(RFS *GT. 1.2L6) Gn ToI 180

C
C-------------------TRANSITION FLOW' REGION
C

5T11=S4
5lzS11-DS
GO TO (142,175), NN

142 CONTINUE
C
Cft--- ft------ ft------- CALCUJLATION OF 'C61V AND H AT THE REC.INNTNG nr
C THE TR4ANSITION R4E ON

PCxTRP(S1 PSDAT UPS)
VwVO*sopT~ I -PC$

'RE~tzk~l 4 81*v /110
!TF(A~b6 RtSTl;2 QEb) LF. 100 jGOTO 15u
31us +(I1 St.-Sa)/(REITI-REST *0 -REST,11)

RESTI IURESTI

GO TO 142
150 CONTINUE

.... ... CArUEAlln'orPc, V AND H AT THE LND uF THP
C. TRANSITION PKG1ON

521*4. *5
PCsTPP(S3i !!05AT,t#P3)

VRVOSOR(I*.PC)



B.3 Program Listinc[ICont.)

PEST?l=REFT0$S21.* /VU

1.h0 CUNTINUE.
PC:TPP(52,P.5DAr ips)

kS7PEAFfl#S2*V/Vfn
TFAbb4F.STZ-j.jFo>) LFE: 100 GO~ TO) 170

S21=Sl
PL5T21=HFSTý

GO Inf 160
170 C h NT V;IJ E

NN=2
175 r o N'rT T NU

C ---------------------TNTE y0.jAI'TOI FOR H SETwk2tN Ti VALUIK, AT '1',F
c AferI14NT,ýG O'F TWE. TRAmJSTTI3IN R~rjflK AN') AT *Tpif
C iFrn nF ThE rPANSITTL"J R6(C,1r'

Go To lbs
18~0 Cu~ IkI'lE

C------------------- -IVPDJLhmT FLO* I4ECION

C--------------------- CAI.COJIATF LOrCAL IM4PIN4(.El4FhT(4IhUN8ACK) RATS.
C

165 IF(SP *(;T. .3434)G r,() () i

GO TO' 16Q

189 %Wmk4.P+Dpkb

C ------------------ CAICIlltATV T2,TS

P=P A PC*D
T2=Vfl*VU/('2.*CPr.G,j).(IPH*s 9)CP*MW/H)

C ----- ------- ----- CALCIILATP T.S.rI ,1,T4

c CASk. 1. Nu k.VAPUPATION

* CPR:,2365+7 6'TB/iO 366
(W3t4P~ ETfltTT(4ES5

*200 TSm (*P

I lz(TS-TA)*'(1.*MW/'4)
GIN sz*CPP*~FFF$(R-TS.)
GOUTsH*SNe(TI-Ta+Tb)

20S IF(TS .LE, 491.bPU) GO Tn 240
xr(mw .LE, 0.) ý;O TO) 240

CftýWM!-s----CS 20' WITH EVAflORAYON
C FIND VOUIILINIPIUm VALlJc uk Tb
C SUCHI TisAT 0TNuGOUT
c Is? 1THRAITNG UkTOCEIN 442 ANDt Tii

210 TS;!qijbm8~

212 Tia VS-TA)N *o~wW/N).

ESuPP(fS)*I
TJ 0 ?2~*L*k.A/CP/IhI4*144,
FA PV(TAJ
T4 0 b24*L*k.A,/ /PAS 144.
otNUWRScpe*LrrV*(Th-tS)

2, 16



B.3 Programn Listing tCont.)

OUPT=H*5H*(fI-T2+T3-T4.T5)
c rF((4rN UL-. QuOl) GO TO 219 I T.T0VI~FP,4 S8 T

TFITS .LT, TQ) GO TO 212
TRTI'C(I1 1 700) ALT, VKTAS,TAF, N1PWO.ThFINJ,CDMrWC

6 0 TO 2714
2)9 TF%'&I .GT. 491.68b) GO TO 225

C IF UIN~.LT.OUUT 9UT SI'418d
C FQU'LIBIRI!J. 15S 491.669
C F1ND tEVAPUPATICU iiA2I uP F T z .9,)-

220 TS=491.b89,

Q1%:fr&6*CP)*kt.P'i4W/41)

T3=QOUT, (N'*SH) -(T1-T?-T4e*i5)
Gi" ro 2,30

22ci IF(GOU?/QIN .LE. 1'.001) C~o TO 230
c It QIN.LT.0ri'JT hILJT iS.rlI.492.
C O&CREMPUjT TS SY SM4ALrk.R 446 SMALi.0
C AA4OfJIJS To (AiTAIN CI0NVFtr.0.MCF.

T S S - TS
cls:C)1S/3.
'TS:TS+OTS
GO TO 212

C TV GIN GOUT, CONFIRMi THAT i'VApnli~AIftli
C 23 z13TPHr*W ATL DOE.S mnT EXCUFD VPINCrtme.N~T RATi'

C 1bKL.1. ~ o 4 t EVAPORt ?JCPN RATE FACr,F0S 1!MPING(;.4FN'
C RAIL,. FIRi N FW TS FOW FULL, 0.A~eieAT1Oi.

T3zf4+1,*M* /1
TS:( wb*CPm*EFF*IP,1H*sh*(TA*(l. I +2-,P/ii5'/ýPCpiEF4

QINWk3*CPb*t.Fi'*(Td-T3)

C --------------- CALrULATE frLEM1.NTAL RUNBACK RATE

240 nRE4S(1.-K)*t4W

C ----------------- CALCULJATE DROp IN Ta AND GO in NEXT PUjTaT(5k.rThFVNT)
C

DO:OOWT*DS
DlP=0O/f we*CPh)
TBRTP-DI B
SIN:S* 1.2.
TSFsTS;4 59. 6RB
HPHSH4 Soo0
DRRHCDR b*3900 P

rF(mODF Nv 1.0) ('O TO 757'
250 CONTTNAIJ

WHITF(IWi-1000) SIN,PCF.F,TSF,0MWIH,ff,DRMI4HPbfp
252 CL)NTTNUE

3 :S+DS
253 CUNTINUE

C
C--.---------.-CALClILATF TOTAL, 1DPINGEFMVNT, LVAýP(ftArI(N

C AND) PUN&ACI( PATE3

OSPIHuOP * 3600 *DS
IMPPHwZTOT1*390O*0,50
CVAPHxTMPPH.PbPII

26lfý ZNPPH .GT. 0.0) GO TO 262
Go Tn ýbs

c262 PCRCXEVAPH/IMPPH$10O.

~~ CALCULATF PUPEPACM 'CROS*S-SCTriJNAL ARFA
C87



B.3 Progrant Listing (Cont.)

2b5STIME=HnTZ/VOT*b/I151 6.414

C
WkTTPi(IW,t?00) ALV'AAI~PBFNDMLCHHLIPH

775 COMT T N U E
276 CUNT T.'d1E
277 CONTINIJr.
280 C 1)N 1'4L
3UO FOR'*AI(2OA4)
310 F L)P k.A 1 ( eF 1r. 3
320 FuR~wAT(lHO,5y,2UA4//)
330 FOrvA-I(1H1,19A 20A4//)
400 VQROAT(23X INAýErJLE L'INGTI'4 FIR 2 ' IN'/23X lTN ICKNFSS-TU-LFNGlH

IRATIO',F..~,523X,'LEAnN,-En* DG'FR~ JS-,F13.2,~ IN1123x
2'LIP AJIAMiP.TER , F70 2 'IN'/23X. .'STREAMWISE SURFACE'/kiX.PLENGTH-
30F H"EATED ANEAFIFI I, INV,23X,'IWNIG AREA 2?3.2,1 Si u F T'423x, 'URAG PULA4F'. .. CUf ,F6 1 40, 1.,64 *LCI/

500 Fui,.AT(23X 'Wý7,HNil,F26.2,1 L F///5)
600 FOPA'i( 3Xj A[ll V tI., A.*AI4 PP-PC 8LEFV AIJEF,) DP(IP LwC ~r4 i TAP.IPNG

1 E~VAP PEkC FuthY RUNF4P'0/13X ITKPP 0i1 FLO* TEM~P P~IA (G.4/ EAT2 PATET RAIr EJAP RATE SH I'/ f (FT) (I(TAS-) (F)',6x*.'(V.PM) (F)3 .(mlC) Cm) (#,) (PPI) (I-PH)', b X,'(PPM) ( Si'J4)IIJ)'700 FORMAT V.,i-50,b0,72F 'F50FPJSNO CUNVFkGLNCF ON
ITS' )

g00 FOR?.AT(11xOsI7oP 1ý5.006 2 2F5 0.E'6.3,3F6.2.F5.u W6 2,Fh.3)8900 FORMAT(H0IIX, 90 I t.10. Ri? O'fliSfL)E ASS~frEI WANG '/51000 !FORfrAT(/5X,'ISIP4= ,Ph.3,3X1 fpr:IF5 I 3)(,'EFF-' F X 'TSF=' F6,.11/bAX 'DMWIM:' Fb.1,3X .4 . H q
1100 'cJpm 4T(I6F5. 51

CALL EXIT
FNr
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8.4 Function PP Listing

FUNCTIf)N PP(T)
C ------w-------- FIINCIJTON PfP CALrtUT4 ATF.S THF PAPTIAL PRFSSURt,
C OF' SATURAT~fl AI TrI 1,0UNDS PER Si)fJAIRI ItiCH.

ITT .GT49491.66A) GO Tu ]0no

Cz-0.27550 73
D=0.039404!~93
Err). n
GO '10 3UO

1C0) CQNTIMIE~
7Ft(i .GT. *,71.6mA) GOi TO~ 200
A:I 3.435296
F=-5.096PC4~

D=0. 17929154

GO 3fl 3040
20nl COP'] IMJF

A:i b* b2b544

C=7 .5567694
D=;4,0151569
Fz . 1697364

300 CONTIINUE.
XP:A.ti*ZTC*'1 *42,f*l*Z1*3+F*Z?**4
PP:CXP(XP)
PETrURN
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B.5 Sample Input Data

MODEL 3b !rNGTNF TNLIT LIP ANTI-ICE ANALYSIS - 12 OCLOCIAJC kP(bIlUk

'7.614 .058 0.125 2.237 0.558 253. .012 5050
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4,0 4.5 5.0
1. .97 .13-1.47-1.30 -. 94 -. 81 -. 77 -. 81 -.92-1.0q

.0 .5 10 1 .b 2.0 2.5 3.0 3.5 4.%
0,627 0.6qd 0.445 ').HC'7 0.6009 0.317 0.329 (}135C c,.j35

TEST RI~T ]A - R¥Y CfnNRRECIFD
3195. 13000. 735.8
16.33 0 0. 0.11. 90 344.9
33.
TEST RUN 2A - DWY CnHRECTEO
3191. 13000. 235.9
15.86 0 0. 0.
14.94 356.6
33.
TEST RUN 3A - DWY CO.LC•LfFL
3189. 13000. 236.4
16.o0 ) 0. .
12.14 406.9
33.
T1ST RUN 4A - DPY CORREC1Ei)
3179 13000. 23A.4

15.0 399.3
33.
TEST lJlN 5A - UPY COoRErTCFL:
3123. 13000. 23';.4
15.80 0. 0.
12.12 444.1
33.
TEST HUN 6A - DRY CflkR.RE1FD
3150 13000. 734.2
16.44 0 0. 0.
15.01) 451.3
33.
TEST HIN 7A - Dki CnkRQEf'IFL,
313b. 13000. 231.7
1 48 0 .0 0.
11.14 30~.2
33.
TEST RUN RA - DRY CnH'Rr.CTFD
3160. 13000. 232.5
0.71 0 A. 0.

3.2.
EST RUN -9A - DRY CnKRLCIFD

365. 13000. 232.7
10 .3 0 0. n
•210 394.3

TEST RUN 10A - ,D Y CnOHRhCTFE-
3194. 13000). 224.8

1.30 01 0,•:,• 401.4

TEST RUN 11A P- iRY cO•I•:iTED
3193. 13000. 7•6.I

3 3.
1EST RUN 12A ,- CORRECTD187,. 13000. 226.0

.23 0J4.97 49°3.2
•EST RUN 13At DRY CURR•FCTED

1716' 13000, 142.6

8-20



B.5 Sample Input Data (Cont.)

TEST RIIN 14A - DkY CURRECTED1740. 13000. 142.1
14.94 319.0

+3F.ST HUN IbA - DHY CURRECTLD1748 13000. 142.75 0
12.09 402.
33fEST RuIN 16A - DHY CURkFCTED173s 13000 142.2
15.46 399.7
33fST RUNv 17A - tiy CuRRFCIFD1740. 13000. 142.7
7619i 0.12.01 450.
3Est KUN 11A -DRY C(JOkCTED1740 13000. '142.4

7.H n15.04 452.6
33fEST RUN 19A * DRY CORHFCThD2794 13000. 196.2
-2213 0
12.L9 390.833• T
3EST RUN 20A - DRY CURRFCTLD2816 13000. 19 7,
-20.AV 0
5 1 356.2

13:9
TEST RUN 21A - DRY CURRECTEP27941 13000, 196.3

-20.4 012.69 401.1
33fEST RUM 22A - DRY CORRECTED2786 1,3000. 196.0- 20.76 O 9.4,.9, 461.3

fEST RUN 23A - DRY CORRECTED2775 13000. 196.1"2066 19
3 4;1.1

IEST RUN 24A.- DkY CORRFCTLD2741 1300,0 194.
-20fi 401.7
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B.5 Sample Input Data (Cont.)

MODEL 3b ENGINF Iq,•tT LIP ANTI-ICK ANALYSIS - 12 O'CtoCK PfsITIlN1.
7.814 *n5p n.125 2.237 0.558 253. .n225 .050

0.0 0.5 1.0 1.5 2.u 2.5 3.0 3.5 4.0 4.5 5.0
1. oQ7 .13-l.47-J.30 -. 94 -.81 -o77 -. 81 -. 92-1.09

.f .5 l.o 1.5 ?. 2.5. 3.o 3.5 4.5
0.627 0 o98 n.445 0.897 6.609 0.317 0.328 0.35so 0.3ý

TEST KIlN thA - WFi ,COHRkr'TFI
3208. 13noO. 231.n
Id 05 lti.45 .%oo1 20.05
12:09 3!1.6
'23.
TUST HIN 61 A - .E I CH .CIFD)
3266. 13000. 23,.1
17.45 1 t,.29 .b•O ?

.15.16 3:tI
33.
TEST RIJN 62A - cn.,£ C0R6TED[)
3295 1300n. 235 214.8- 1 •t '2
12.11 40A.2

33.
TEST HI,N A3A - wpT CnfKF'IFU
3259. Ijo0o. 234.5
.17.4 la.30 .oQO 20.b
15.30 396.4
33
TEAT WIIN 64A - *FT CLORPCTFU
3222. 13000. 2J3.0
17.40 1t 35 .694 20.7
12.10 452.I
33.
TEST RUN 65A - wu" CrIxP:CIFU
2831 13000. 2ý4.7
18.44 1f 21 .leA 70.h

TEST RIJN 6A -ET CnlK.C'J*ID
3253. 13000. 231.0

12 20.66 .762 70.5
1 o2 3:p- .. 4

TEST Ru11N 67A - *FT COkRECTFv
3262. 13000. 231 1
1 95 20 70, .763 20.b
1; 17 151.s
33.
TEST RUN 69A - WET CONRECTED
3297. 13000. 233.0
2i83 20 58 .757 20.7
12.03 394.5
33
TEAT RUN 69A - WET CnRRECTFD
3280. 13000. 232.2
3 53 20 65 .760 20.6
31 401.3

3EsT RUN 70A - W•T iCURPCTED
3266. 13000. 231 2
2140 20.7 .765 20.5
14.91 451.1

33EST RINU 71A - OFT COkRtCTED
32ý 13000. 13.

2740 64 0 60 20.7
33

JEST RIJN 72A -, orrE cnD.t.CTED
1617 13000. 141.3
"i2,97 23 76 1,944W - 5.4
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8.5 Sample Input DatL,,ont)

TF:ST RUN 73A - WFT CORRtrC'ELD
166 13000. 143.2
-4.13 23,61 1.917 5.5

I :1 3Q.5
TEST RUN 74A - *F' COkR':C-7TFD1645 13000. 143.4-3.64 23.61 1.917 5.511.90 401.3

33fEST RIJN 75A- FrT CnR!.CTFD1667 13000. 144.64 . 6A 2 3 . 5 4 1 . 9 U 4 5 ',
15.37

tEST RUN 76A WFT CnKRICTFO1601. 13000. 142,6"-2.81 23½67 1.930 5.5
11.91 451.I
33ST IN 77A - WF f CnRkECIFO1552 13000. 143.8-4.1 3 2v2 1.917 6 515.40 '452,R

3)TEST RIJN 79A - *ET COkRPCTFD2389 13000, 193.4-18.17 24.21 1.442 7.412.14 348.-33.
TEST RIPY 79A - %;ET C0RRECTPFD2385 13000. 193.2"-l.63 24 21 1.441 7.412.02 351!7

fEST RUN 80A - WET CORRECteV2413. 13000, 194 9-19.63 24 14 1,434 6.512.04

393.IEST RUN B1A -wCT CORRECTFD2641 13000. 19b.5"1207 24 571.420 
7,5

12,•4 245|00
513 391?4 40

2498 13000. 'A ý4 821,434
33 hST RUN 83A - WFT COHRECD .2492. 13000, 924I2 2f06 1.417

• B-23
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I&W lC0"m t 0x rm Q.

Zolma *I go s00 0

t6- fl0D 00 0 0 '.z3 0 0 0 40 0 a
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